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I- SUMMARi 


Two series of tests evaluated the stability and control charac- 
teristics of a one-fifth scale powered aeroelastic model of the 
Model 300 Tilt Rotor Research Aircraft in hover, Ion speed heli- 
copter, and conversion flight. Hover tests took place in the 
Bell Helicopter Company rotor whirl cage from September 13, 1972 
to December 22, 1972. Helicopter and conversion mode tests took 
place in the Vought low speed wind tunnel from January 15, 1973 
to March 30, 1973. This testing was performed under NASA Con- 
tract NAS 2-6599. ^ 

The hover testing was directed at measuring hover performance 
and roll static stability characteristics. During part of this 
testing, the model was secured to a mount which simulated free 
flight to investigate stability characteristics and control 
response . 

The helicopter and conversion mode testing was in two phases, 
with a different mount for each. The first phase had the model 
mounted on the vertical rod shown in Figure 1-1. This mount 
gave the model freedom to pitch, roll, and yaw and to translate 
vertically. Model ’’pilots" c'" ,1 d adjust cyclic pitch, collec- 
tive pitch, and elevator pos-.tion to nake the model fly in a 
trimmed flight condition. Trimmed flight conditions tested 
included level flight (OGE and IGE), climbs, descents, auto- 
rotation, and rearward and sideward flight. At selected flight 
conditions the model was disturbed from trim to investigate 
dynamic stability characteristics. 

The second phase had the model mounted on a sting support, as 
shown in Figure 1-2. Forces and moments were recorded with the 
model in the trim attitudes and its controls in the positions 
established during the first phase. Pitch and yaw sweeps about 
the trim condition determined the static stability character- 
istics. Tail-on, tail-off, rotors-on, and rotors-off configura- 
tions were tested to determine the influence of the rotor wake 
on the empennage . 

The principal results of the tests are as follows: 

(1) The hover test confirmed the presence of a static 
roll instability in an IGE hover. Figure 1-3 shows 
the roll instability in terms of inches of lateral 
stick required to balance the unstable rolling moment. 
The roll instability vanishes at airspeeds above 
approximately 20 knots. 

(2) The hover test showed the wing download to be greater 
than that estimated from previous test results. The 
measured download was 11.4 percent, compared to the 7 
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(2) Continued 

percent estimated for the full-scale aircraft. 

Analysis indicates this discrepancy may be caused 
by the model's very low Reynolds number. 

(3) Flow visualization techniques confirmed that the 
wakes from the two rotors do not merge in the flight 
conditions tested, and an analysis of empennage 
balance data indicates that the wakes produce a net 
upwash at the horizontal stabilizer. The upwash is 
greater IGE than OGE. Vortex lift produced by the 
rolled up rotor wakes is a significant factor in the 
effect of the rotor wake on the empennage. 

(4) At mast angles of 90 and 75 degrees, the longitudinal 
stick gradient is shallow between hover and 60 knots 
with a slight stick reversal occurring between 20 and 
40 knots (see Figure 1-4). The shallow gradient and 
reversal are caused by the rotor wake upwash on the 
horizontal stabilizer. 

(5) The interaction between the rotor wake and the hori- 
zontal stabilizer causes a nose-up pitching moment when 
the aircraft is yawed. The longitudinal cyclic required 
to compensate for the pitching moment, shown in Figure 
1-5, is easily within a pilot's ability. On the Model 
301 aircraft, with the SCAS on, the attitude-hold loop 
will make the longitudinal cyclic input. 

(6) At mast angles 90, 75 and 60 degrees, the rotor wake 
acts on the vertical fins in such a manner as to reduce 
directional stability for sideslip angles less than 
about 12 degrees and to increase it for larger sideslip 
angles. At mast angles 90 and 75 degrees and at speed 
less than 60 knots, the rotor wake causes this air- 
craft to be directionally unstable between ±4 degrees 
of sideslip. 

(7) In autorotation at the speeds tested (80 and 90 knots), 
the model was very stable but had a rate of descent in 
excess of 4000 fpm, compared to the 2200 fpm predicted 
for the Model 301. Analysis indicates that the model's 
low Reynolds number is responsible for its higher rates 
of descent. The rate of descent predicted for the 
Model 301 is still considered to be correct. 

(8) On the rod the model was difficult to fly at speeds 
below 30 knots, but was controllable. Above 30 knots, 
the model was relatively easy to fly. Controllability 
was adequate for rearward and sideward flight at 
speeds up to 35 knots. It was not possible to fly the 
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(8) Continued 

model in a sustained controlled hover in the hover test 
rig. Failure to accomplish this task is attributed to 
the faster response characteristics of the model (2.24 
times full scale) and because of the lack of many of 
the normal pilot cues. It should be noted that the 
model was not equipped with a stability augmentation 
system (SAS). 

2 

(9) Correlation between theory and measured trim atti- 
tudes and control positions is generally good when 
Reynolds numbers effects on the model are accounted 
for. 

(10) Lateral flapping in helicopter mode was approximately 
50 percent higher than predicted, as shown in Figure 
1-6, but was within flapping limits for all conditions 
tested. Analysis shows that the computer representa- 
tion of the longitudinal distribution of rotor induced 
velocity was not representative of the actual 
longitudinal distribution. By modifying the computer 
representation good correlation with the measured 
flapping was obtained. The modified method is satis- 
factory for design purposes. 

(11) There was no evidence of rotor or rotor-pylon-wing 
instability during the tests. 

(12) Scaled rotor and control system loads were signifi- 
cantly lower than those predicted for the full-scale 
aircraft . 

(13) Airframe vibration levels were higher than predicted 
but within design limits. 

Note: In referring to the Model 301 throughout the 

report, the Model 301 is of similar configuration as 
the Model 300. The Model 300 data is therefore con- 
sidered applicable to the Model 301. 
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Figure 1-1. Powered Aeroelastic Model on Vertical Rod 
Mount, LTV LSWT Test 418, January 1973. 



Figure 1-2. Powered Aeroelastic Model on Sting Mount, 
LTV LSWT Test 421 March 1973. 
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Figure 1-3. Summary of Roll Stability Characteristics 
in IGE Hover. 
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p i ^ure 1-4. Level Flight Trim Attitude and Control Positions 
Versus Airspeed, Mast Angles 90° and 75°. 
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Figure 1-5. Level Flight Trim Longitudinal Cyclic Versu 
Yaw A.ngle , Mast Angles 90° and 75°. 
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Figure 1-6. Correlation Between Calculated and Measured 
Flapping, Mast Angles 90° and 75°. 
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II. INTRODUCTION 


This report presents the results of an investigation into the 
hover, Low speed helicopter and conversion fLight characteristics 
of the Model 30L Tilt Rotor Research Aircraft. A one-f^fth scale, 
powered aeroelastic model of the Bell Model 300 tilt rotor aircraft 
was tested to determine performance, stability and control, and 
aeroelastic characteristics. The Model 300 and 301 are nearly 
identical designs differing primarily in the power plant instal- 
lations; therefore, the results of the tests are readily applicable 
to the Model 301. The principle objectives were to identify if 
any significant problems existed and to obtain data on rotor wake/ 
airframe aerodynamic interference for use in the Model 301 real- 
time flight simulation mathematical, model. The investigation 
was conducted under NASA Contract NAS 2-6599. 

A. Previous Tests 


Scale model testing of the Model 300, under way since 1968, 
has been directed at verifying that the aircraft met design 
requirements. These tests were a part of Bell Helicopter 
Company's tilt r> otor IR & D program. One-fifth scale aero- 
dynamic and aeroelastic models were designed and fabricated 
to confirm airframe performance, stability characteristics, 
dynamic design criteria, and demonstrate the aircraft to be 
free from flutter or other aeroelastic instability. Air- 

plane configuration tests of the aeroelastic model (unpowered) 
in the NASA Langley 16-foot Transonic Dynamic Tunnel were suc- 
cessfully completed in April 1972. This test confirmed the 
Model 300 to be free of rotor-pylon-wing instability and 
other forms of aeroelastic ins. lability at all speeds up to 
1.2 times limit dive airspeed, that the aircraft short period 
and Dutch Roll modes are adequately damped beyond the limit 
dive airspeed of the aircraft, and that loads and vibration 
levels are within design Limits. The results of the airplane 
test program are discussed in Reference 12. 

B. Technical Background 

. 13 

The results of the XV-3 convertiplane tests , recent tests 
of a powered force model^, and analysis of the Model 301 
stability and control characteristics were the basis for plan- 
ning the current series of investigations. During the XV-3 
flight test program several stability and control problems 
were noted in hover and low speed helicopter flights. No 
serious flying problems were encountered when operating at 
intermediate conversion angles or when converting. In air- 
plane flight the only significant problems were light damping 
of the Dutch Roll and longitudinal short period modes and 
excessive transient flapping during maneuvers. A full scale 
wird tunnel test later indicated the potential of rotor-pylon- 
wing aeroelastic instability. The model tests, discussed 
above, have verified that the airpLane flight problems have 
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B. (Continued) 

been solved in the Model 300 and 301 designs. Problems en- 
countered in hover and low speed helicopter flight during 
the XV-3 program, some of which have been addressed durir^ 
this test program, are summarized in Table II-l. 

Items 6. ana 7 in Table II-l biave been corrected in the Model 
301 design by providing adequate control power about all 
three axes. The pitch control power is 4.5 times, and the 
yaw control 2.74 times that of the XV-3. It 'm 3, likewise 
has been corrected in that the Model 301 has considerable 
excess power, whereas the XV-3 had insufficient power to 
hover. A blade-pitch governor, rather than pilot coordina- 
tion, will automatically maintain rotor speed. As a result 
the pilot effort required in the Model 301 to cope with the’ 
power rise is reduced to a level comparable to typical 
turbine-powered helicopters. The other items listed are 
inherent in the tilt rotor concept and are expected to 
occur to some degree in the Model 301 as discussed in the 
section noted . The subject investigation was directed at 
evaluating the magnitude of these problems and in obtaining 
data for use in real time flight simulation of the Model 301. 
The latter objective is significant since the real ti ie 
flight simulation will be used to guide the design of che 
Model 301's Stability and Control Augmentation System which 
provides a substantial improvement in the flight character- 
lsticsin hover and in low speed helicopter flight. (The 
XV-3 did not have a stability and control augmentation system.) 

G. Scope of the Program 

The test program was accomplished in four tasks. 

1 • Task I Pretest Activities 

Modifications were made to the model to meet tne test 
requirements as follows: 

• Addition of rotor drive system and motors 

* Remote controlled rotor cyclic, differentia 1 , 
cyclic, collective, and differential collec- 
tive. Controls were designed with frequency 
response characteristics required to "fly" 
the model in semifree flight. 

Install a strain gage balance in the 
empennage to measure horizontal stabilizer 
normal force and rolling moment. 

A hover test rig was designed for the s^micree flight 
hover tests. 
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2 . Task II Hover Test 

The hover test was accomplished in two phases: 

Phase I - obtain performance and static stability data 
Phase II - Obtain controllability data 

3 . Task III Wind Tunnel Test 

i tunnel testing was in the low speed helicopter and 
con. jrsion flight configurations. The model was tested 
in the Vought Aeronautics Low Speed Wind Tunnel located 
in Grand Prairie, Texas .15 The Vought tunnel has a 15 by 
20-foot test section that can operate through a speed 
range of 9 to 77 feet per second and was ideal for this 
test program. Two types of mounting systems were used 
during this testing. 

Phase I - Rod mount test which allowed the model 
to pitch, roll, yaw, and translate vertically’. 

During this test trim flight data was obtained, 
dynamic stability characteristics were deter- 
mined, and controllability was evaluated. 

Phase II - Sting mount test with a six-component 
internal balance. This testing provided nec- 
essary data to define rotor wake /airframe aero- 
dynamic interference. 

4 . Task 17 Documentation 

This task consisted of technical reports on program 
progress and analysis of test results. 

D. Objectives of the Program 

The investigation had the following specific objectives: 

1. Measure roll static stability in hover as a function 
of hovering height (h/D). 

2. Examine controllability in hover by "flying" the model 
in near free flight conditions. 

3. Determine control settings for trimmed level ^.ight, 
climbs, descents, rearward, and sideward flig both 
in and out of ground effect. 

4. Measure dynamic stability characteristics in low speed 
helicopter and conversion flight. 
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5. Investigate controllability in low speed helicopter and 
conversion flight. 

6. Measure autorotational rate of descent and control 
positions . 

7. Measure rotor wake effects on the empennage m sufficient 
detail to develop a mathematical model for real-time 
flight simulation. 

8. Measure rotor and control system loads, airframe vibra- 
tion, and aeroelastic stability during hover, low speed 
helicopter, and conversion flight. 

All of these objectives were accomplished and the results 

are reported and discussed in the following sections. 
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TABLE II- 1. XV -3 FLYING QUALITIES PROBLEMS 


Problem Encountered During 
the XV-3 Test Program^ 


I . Roll Instability, IGE 


Action Taken During 
The Test Program and 
Resolution of Prob- 
lem in M301 Design 


’When hovering within 5 feet of the 
ground the XV-3 exhibited an erratic 
tendency to dart laterally. These 
characteristics were considered un- 
acceptable. Above a 5 foot skid 
height, these characteristics dis- 
appeared and a stabilized hover over 
a spot was accomplished without 
difficulty. When approaching the 
povjer required for hovering lift-off 
the aircraft reacted with a lateral 
oscillation that was disturbing to 
the pilot.” 


Action: 

ilover test to measure 
roll stability, 
Section V-A 

Resolution: 

Improved control 
power and addi- 
tion of SCAS which 
provides additional 
roll damping 


2 . Low Speed Stick Reversal 


"At low forward speeds (15 to 20 
knots CAS) and small conversion 
angles (« m = 90° to 75°), there 
was a longitudinal stick position 
reversal. This characteristic had 
to be anticipated for each take- 
off." 


3. Increase in Power Required as 
Hovering Flight is Approached 


Action: 

Rod test, cyclic 
stick position for 
level flight, Section 
V-B 

Re solution : 

Improved control pow- 
er with small stick 
reversal (within MIL- 
SPEC Requirements) 


"At speeds between hover and best 
climb speed there was a large re- 
duction in power required, which 
provided good forward acceleration 
and STOL capability. ••• When 
approaching for a zero speed landing 
the change in power was even more 
pronounced. As hovering flight was 
approached (approximately 10 knots 
CAS) there was a sudden requirement 
for an additional 9 to 10 inches Hg 
manifold pressure. Even though 


Action: 

Rod test demonstrates 


the effect of power 
(torque) change with 
airspeed. Section 


V-B 


Resolution : 

Increased power 
available and blade- 
pitch governor to 
give pilot effort 
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TABLE II-l. (Continued) 


Problem Encountered During 
the XV -3 Test Programl-3 

3. (Continued) 

anticipating this condition, it was 
nearly impossible to prevent the air- 
craft from suddenly losing 2 or 3 
feet of altitude before sufficient 
power for stabilized hover could be 
obtained. This characteristic was 
undesirable and was considered a 
safety of flight item." 


4. Dynamic Directional Stability and 
Pitch With Yaw 

"In general, the stability and con- 
trollability characteristics in the 
helicopter level flight regime were 
satisfactory except at speeds below 
35 knots CAS. At low speeds a 
divergent long-period (6 seconds 
per cycle) directional oscillation 
was apparent. The amplitude of 
this oscillation increased to the 
point where the tail swung into the 
proprotor wash, promptly inducing 
nose up pitch.” 


Action Taken During 
The Test Program and 
Resolution of Prob- 
lem in M301 Design 

comparable to typical 
turbine -powered heli- 
copter . 


Action : 

Dynamic stability 
check during rod 
test, Section V-B, 
static directional 
stability, sting 
test, Section V-C, 
and analysis of 
rotor wake during 
sideslip, Section 
VI-A 

Resolution: 
Addition of SCAS 


5 . Dynamic Longitudinal Stability 

"Longitudinal dynamic stability in 
configuration H and CIS was excel- 
lent above 40 knots CAS. Response 
to a pulse input of the longitu- 
dinal control was essentially dead- 
beat. At 25 knots or lower an un- 
acceptable pitching oscillation was 
present. It was virtually impossible 
to stabilize the aircraft longitu- 
dinally in this low speed regime." 


Action : 

Dynamic stability 
check during rod 
test, Section V-B 

Re solution: 
Addition of SCAS 


6 . Longitudinal Controllability 

"The longitudinal maneuverability 
was unacceptable in the low speed 
(30 knots CAS or less), small con- 
version angle (C15 or Less) regime. 


No testing of control 
power, Model 301 
control power higher 
than XV- 3 
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TABLE II -1 . (Continued) 


Problem Encountered During Action Taken During 

the XV- 3 Test Program-^ The Test Program 

6. (Continued) 

The primary problem was in the poor 
response to control inputs. For 
example, in CI5 at 30 knots CAS, 
after 0.4 inch aft control pulse, 

2.3 seconds were required to obtain 
the maximum pitch rate of 3 degrees 
per second. ••• At a higher speed, 

42 knots, 1.9 degrees per second was 
recorded after 0.7 seconds after a 
similar stick displacement. The 0.7 
second response time was acceptable." 


7 . Directional Controllability 


"The directional maneuverability 
was unacceptable primarily because 
of poor response characteristics. 

At 30 knots CAS in configuration 
H, a maximum rate of yaw per inc v 
pedal displacement of 12.4 degrees 
per second was recorded. However, 
more than 3 seconds were required to 
reach this maximum rate of yaw. 

••• The excessive delay time is 
especially irritating in the XV- 3 
because of the poor lateral direc- 
tional stability characteristics in 
the low speed regime." 


No testing of control 
power. Model 30] 
control power higher 
than XV- 3 
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III. DESCRIPTION OF THE MODEL 


The model tested is a one-fifth length scale, dynamically and 
aerodynamically similar model of the Bell Model 300 Tilt Rotor 
Research Aircraft. The model was designed and fabricated under 
Bell's Tilt Rotor research program and prior to this test pro- 
gram had been used for tests involving over 900 hours of test 
section occupancy. As noted earlier in Section II the purpose 
of previous testing was to investigate aeroelastic and flight 
stability characteristics in airplane mode. The tests were con- 
ducted with the model unpowered, since the windmilling thrust 
condition is the most critical from the standpoint of rotor- 
pylon-wing stability. These tests were made using remote trim 
type collective pitch and elevator controls. For the hover, 
low speed helicopter, and conversion tests the model was powered 
and had proportional type controls. 

A . Model Scaling 

Scale factors for the aeroelastic model are given in Table 
III-l. All components of the model have been weighed and 
swung to determine inerf' > properties and, where possible, 
stiffness properties have been measured. Vibration sur- 
veys have been conducted to verify dynamic similitude 
(see Reference 12). A force and moment wind tunnel test 
of the airframe less rotors has verified that the aero- 
dynamic characteristics are the same as the Model 300 force 
and moment model. 

B . Construction and Design Parameters 

The basic dimensional parameters for the aeroelastic model 
are given in Table III-2 along with the corresponding full 
scale design parameters. A description of the model com- 
ponents are as follows: 


A* 



1 . Fuselage 

The fuselage is an aluminum box spar, partially foam 
filled, which represents the fuselage stiffness both 
in bending and torsion. Figure III-l shows the fuselage 
spar during buildup for the sting mount test. Non- 
structural fiberglass fairings, shown partially in- 
stalled in Figure III-2, form the fuselage contour. 

The fuselage houses the instrumentation package, the 
motors, ar well as balance weights used to simulate 
gross weight and center of gravity configurations. 
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2 . Empennage 

The horizontal stabilizer is composed of an aluminum 
spar which provides the required beam, chord, and 
torsional stiffness, and nonstructural segmented 
balsa and fiberglass fairings which give the aero- 
dynamic shape. The elevator is remotely controlled. 

The mass balance of the elevator is duplicated. The 
vertical stabilizers, made entirely of balsa, were not 
designed to give the correct stiffness properties but 
have the correct mass, center of gravity ar.d inertia. 

The rudders are not provided on the model. 

A two component empennage balance was designed and 
fabricated for the helicopter and conversion portions 
of this program. The balance measures empennage lift 
and rolling moment. Figure III-3 shows a close up of 
the empennage balance. Empennage incidence is ground 
adjustable . 

3. Wing 

The bending and torsional stiffness characteristics of 
the wing are scaled by an aluminum spar filled with 
aluminum honeycomb. Aluminum-covered, nonstructural, 
segmented fairings provide the aerodynamic contour. 

Lead weights attached to the spar simulate fuel weight. 

The wing spar is made in three parts: left and right 

sections (with 6.5 degrees forward sweep) and a carry- 
through center section with zero sweep. This arrangement 
maintains the chordwise location of the wing elastic 
axis. The attachments of the outer segments to the 
center section are at buttline 5.6 (model scale). This 
is also the location of the wing fuselage attachment, 
simulating to some degree the full scale wing-to- 
fuseiage load paths. 

The wing-pylon attachment is at buttline 35.85 (model 
scale). The full scale load paths are maintained through 
the ribs which carry the conversion spindle hanger bear- 
ings. 

4. Nacelles 

The distributee, stiffness properties of the nacelle 
structure is not scaled, but mass, center of gravity, 
inertias, and mounting stiffnesses are matched to 
give the correct frequencies. Non-structural fiberglass 
fairings house the transmission drive system, collective 
drive system and dummy engine mounts. The engine mounts 
are designed to give the correct engine pitch and yaw 
natural frequencies. The transmissions have full-scale 
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4. (Continued) 

gear ratios, therefore, the interconnect torque char- 
acteristics are scaled. (However, the torsional stiff- 
ness of the interconnect shafting is not scaled. It 
is several times the full-scale equivalent stiffness.) 

Conversion struts with scaled axial stiffness provide 
the correct wing torsion (pylon pitch) natural fre- 
quencies in helicopter and conversion modes. The 
struts allow for manual adjustment of the pylon con- 
version angle from 95° (helicopter mode) to 0° (air- 
plane mode) in fifteen degree increments. 

5. Rotcrs 


The blades are constructed to scale the appropriate 
material modulus, beamwise, chordwise, and torsional 
stiffness. Both the blade spar and the outer shell are 
fiberglass. The aluminum blade grips, which carry the 
pitch-change bearings, are bonded to the blade structure 
at the blade root. The aluminum hub yoke rings are 
machined to represent the yoke inplane and out-of -plane 
stiffness. Stainless steel spindles are assembled with 
a thermal fit to the hub. The retention system for 
attaching the blades to the hub duplicates the full 
scale design. The rotor system is shown in Figure III-4. 

6 . Drive System 

Power for the rotors is provided by two task motors 
(3.4 horsepower each) mounted aft of the center wing 
section in the fuselage as shown in Figure III-5. The 
motors drive forward to individual right angle gear- 
boxes which in turn power the rotor interconnect drive 
shaft. A two layer fiberglass coupling to relieve mis- 
alignment is located between each motor and gearbox. At 
the beginning of the test a coupling between the motor 
gearbox and the interconnect shafting was also used. 
Following failures of this coupling during testing, the 
drive system was redesigned to eliminate misalignment 
between the gearboxes and the interconnect shaft and 
couplings were added between the left and right gearboxes. 
Figure III-5 shows motors and gearboxes following a 
coupling failure prior to the redesign of the drive sys- 
tem. Additional couplings are used along the inter- 
connect shaft outboard of the motors and at the out- 
board section of the wing to relieve misalignment. The 
interconnect shaft connects to 90 degree gearboxes 
mounted on the pylons. The pylon shaft is mounted to 
the pylon axis and drives two stage planetary gearboxes. 
The output shaft of the planetary gearboxes has a 
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6. (Continued) 

coupling which enables the rotors to be readily dis- 
connected from the drive system. The gear ratio of the 
transmission is 17.6 to 1; thus with the rotors at 1260 
rpm, the normal operating speed, the interconnect shaft 
is turning at 22170 rpm. 

C. Model Controls 


A dc servo feedback system was used for the rotor controls 
because of the advantages of simplicity and reliability 
offered by the dc system. To determine design requirements 
for the rotor controls a mathematical model of the IGE hover 
dynamics, including the roll static instability, was derived 
and programmed on an analog computer. Several of the model 
"pilots" flew the math model using a control stick similar 
to that used with the aeroelastic model. Each pilot evalu- 
ated control systems having varying amounts of hysteresis, 
various time constants and values of rate limiting. The 
following design parameters were established: (1) hysteresis 

of two percent maximum, (2) time constant of 0.15 seconds 
maximum, and (3) rate limit of 3.5 degrees per second minimum. 
These are applicable to the model-pilot system and cannot be 
directly related to full-scale. A dc servo system which met 
these requirements was designed and fabricated. The system 
provided collective pitch, differential collective (for roll 
control), longitudinal cyclic, and differential cyclic (for 
yaw control) . 
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As noted earlier, conversion struts having scaled axial 
stiffness were used to provide the correct pitching mode 
frequency of the pylons. As shown in Table III-3 the mea- 
sured pitching mode frequency is slightly above the full- 
scale equivalent frequency. However, this provided ade- 
quate margin with respect to one-per-rev resonance which 
was a major concern. The other important frequencies which 
were affected by the change to helicopter mode are also 
summarized . 

301-099-002 


The elevator and ailerons were controlled using "beep" type 
controls. Flaps and empennage incidence wer' ground adjustable. 

D. Natural Frequencies 

Prior to wind tunnel testing of the model in airplane mode a 
complete shake test was performed to verify placement of 
natural f requenciesl2 . Comparison of the frequencies ob- 
tained at that time with those calculated for the full-scale 
design indicated a good dynamic similitude. Therefore, 
prior to testing the model in helicopter mode it was only 
necessary to confirm the location of modes affected by 
nacelle conversion. 
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1. General 


The model was instrumented to provide 61 channels of 
data as shown in Table III-4. The locations of the 
transducers were chosen to provide the required informa- 
tion on loads and stability. 

A maximum of 39 of the 61 available channels was multi- 
plexed from the model to the Bell Otfsite Data Acquisition 
Package (ODAP) . From the ODAP the data was recorded 
on magnetic tape and on direct write oscillographs, 
with selected data monitored on panel meters. 

A schematic of the ODAP system as used on the model is 
shown in Figure III-6. The components of the system 
are identified as follows: 

* Model Patch Panel - This panel, in the 
model, allows various trandsucers to 

be selected for signal conditioning and 
read out . 

* Signal Conditioners - These amplify the 
transducer outputs to an analog output 
of ± 2.5 volts full scale. There are 
39 signal conditioners available in the 
model . 

* Voltage Controlled Oscillator - The VCO 
uses the conditioned analog output of 
each transducer to modulate the output 
frequency of an oscillator. These out- 
puts are mixed in a linear mixer amplifier 
to create a composite signal containing up 
to 13 channels of data. There are 39 

VCO's in the model which provide two channels 
of multiplexed data. This minimizes model 
umbilical cross-section requirements for 
carrying instrumentation data. 

* Discriminators - TWenty-six (26) discriminators 
are available to return the multiplexed signal 
to an analog form. These are mounted in the 
portion of the equipment located in the model 
control room (Figure III-7). Selected data 
may be enlarged or reduced in amplitude at 
this point for display on panel meters 
(Figure III-8) or oscillograph recorders 
(Figure III-9) . All composite signals are 
also recorded on magnetic tape, also shown 

in Figure III-7 . 
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1. (Continued) 

As shown in Figure III-8 a closed circuit TV was used 
to monitor the test so that problems during a run 
could be reviewed. The equipment used to monitor 
temperatures and the power supply to the motors is 
shown in Figure I II -10 . 

2 . Model Rotating System 

One blade on the right hand rotor was fully instru- 
mented with beam, chord, and torsion gages. In addi- 
tion the hub, rotating controls, and shaft were gaged 
for pitch link loads, blade flapping and shaft torque. 
Both rotors were gaged for cyclic and collective pitch. 
The right rotor was fitted with a 28-ring slipring. 

An encoder v/heel was mounted on each rotor shaft to 
generate rpm and azimuth signals. 

3 . Non -Rotating System 

Each wing spar was gaged for beam, chord and torsion. 
Accelerometers were mounted on each pylon as well as 
along the fuselage to obtain dynamic data. The gimbal- 
ring mount to the vertical rod was instrumented to 
provide fuselage pitch, roll, yaw and vertical posi- 
tion data. In addition a three axis gyro was used 
to obtain pitch, roll and yaw rates. The horizontal 
tail was gaged for beam and torsion bending loads 
and the vertical tail had provisions for mounting 
two accelerometers. 

4 . Balance Systems 

On the rod mount a strain gage balance was placed in 
the model gimbal slider to measure the drag or thrust 
of the model. During the sting mount test, six com- 
ponent internal balance data referenced to the aircraft 
center of gravity was recorded. The empennage was 
mounted on a balance (Figure III-3) which measured 
empennage lift and rolling moment. 
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Parameter 

Scale Factor 
(Model/Full Scale) 

Froude Number 

1.0 

Locke Number 

1.0 

Mach Number 

0.447 

Reynolds Number 

0.0894 

Length 

0.2 

Density 

1.0 

Velocity 

0.447 

Time 

0.447 

Mass 

0.008 

Frequency 

2.24 

Force 

0.008 

Power 

0.00358 

Bending Moment 

0.0016 

Stiffness 

0.00032 

Bending Spring Rate 

0.04 

Torsional Spring F.ate 

0.0016 
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TABLE II 1-3. HELICOPTER MODE NATURAL FREQUENCIES 


■ 

Mode 

Frequencies 

- t ps 

1 


Full-Scale 

Model. 

■ 


Equivalent 

Measured 


Wing Symmetric Beam 

7.17 

6 . 8 

t 1 

Wing Chord 

11.20 

12.0 

si ■ 

% m 

Wing Torsion (Pylon Pitching) 

15.90 

17.0 


Horizontal Tail Beam 

24.0 

26. C 


Pylon Yaw 

25.0 

26.0 

i | 

Horizontal Tail Torsion 

37.63 

38.0 



TABLE III-4. MODEL INSTRUMENTED ITEMS 
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Figure I II- 5. 


Model Motors, Couplings, and 
Interconnect Shaft (Following 
Coupling Failure). 
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Figure III-6. Schematic of Offsite Dai 
Acquisition Package. 
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Figure III -7. 1 xstrumer.tat i on , Discriminator 
Panel and Magnetic Tape . 
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Figure III-9. Instrumentation, Oscillographs. 
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IV. DESCRIPTION OF TESTS 


Test:- of t u del 301 one-fifth scale powered acroelastic 

raodt.l were " acted during the period September 13, 1972 

througn Marc >0, 1973 in four phases: 

Piiase I, Hover Test, September 13 - October 3 , 1972 (19 hours 
rotors turning) - This test was conducted in the Bell 
Helicopter Company whirl cage, on a rod-mount, to inve; Li- 
gate hover performance and stability. 

Phase II, Hover Test, December tc-oo, 1970 (7 hours rotors 

turning) - This test was < n :_^‘'>d in the Bell Helicopter 
Company whirl cage, in sc- ' ■ ree l light, to investigate 
stability and control cense. 

Phase III, Rod Test, January 15 - March 9, 1973 (220 hours 

occupany, 34.5 hours cotors-turning) - This test was con- 
ducted in the Vought Aeronautics low speed wind tunnel, on 
a rod mount, to investigate trimmed flight control position, 
performance, and evaluate overall flying qualities. 

Phasv. IV, Sting Test, Mar^h 15-30, 1973 (107 hours occupancy, 

16.7 nours rotors-turuing , 11.0 hours rotors-off testing) - 
This test was conducted in the Vought Aeronautics low speed 
wind tunnel, with an internal balance and mounted on a sting, 
to investigate static stability in yaw and pitch and measure 
rotor wake/airframe interference effects. 

A. Hover Test 


1. Phase I Hover Test 


a . Roll Stability Investigation 

A vertical rod mounting svstem was used which pro- 
vided the model with ± 6 degrees of roll freedom 
at height/diameter (h/D) ratios from 0.5 to 1.0. 

The model control was with rotor cyclic pitch, 
collective-pitch and differential collective-pitch. 
The test rig shown in Figure IV-1, permitted the 
rolling moment required to hold the model at a 
given roll angle to be measured at any roll angle. 
The required moment was measured with the rotors 
stopped and with the rotors thrusting. The model 
was tested with the wing panels on and wi th /ce 
panels removed (Figures IV-2. and IV-3) at h/D 
ratios of 0.5, 0.75 and 1.0 to determine the 
influence of the wing/rotor interactions. 
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b . Wing Download Investigation 

The wing download due to rotor downwash was investi- 
gated at h/D ratios from 0.5 thru 1.0 with the wing 
panels on and with the panels removed- The model 
was counterbalanced so that hover performance could 
be investigated at net-thrust values of 50 pounds 
to 100 pounds (6250 pounds to 12500 pounds full- 
scale . 

c . Optimum Fla; Setting to Minimize Hover Download 

Various flap settings were tested ar h/D = 1.0 to 
investigate hover download. The flap/aileron 
setting tested were 0/0°, 45/25°, 60/45°, 75/45°, 
and 75/75°. 

2. Phase II Hover Test 


a . Stability and Control Response 

The model was mounted on a translational hover test 
rig such that free flight was nearly simulated. 

The model was free in pitch (±12 ), roll (±8 ), 
yaw (±30°), vertical translation (h/D = .5 to 1.5) 
and horizontal translational within a five foot 
diameter circle. The model could be restrained 
in yaw and in vertical and horizontal translation 
by tensioning snubber cables. The test rig is 
shown in Figure IV-4. 

Three "pilots" were used to control the model. 

Pilot A controlled vertical height and roil, 

Pilot B controlled pitch, and Pilot C controlled 
yaw. The dc servo feedback control system dis- 
cussed in Section IIIC was used for this portion 
of the test. The model pilots were stationed at 
the most convenient azimuth with respect to the 
pilots control (i.e., the roll and yaw pilots were 
behind the model and the pitch pilot to the side). 

B. Semi-Free -Flight , Rod Mount Test 

The model was mounted on a vertical rod and was free in 
pitch (-12° to +10°) , roll (±6°), yaw (generally ±15°) and 
vertical translation (±18 inches). The model control system 
was the same as for the Phase II hover test. 

Realistic "flight" data was obtained at each level flight 
trim point by flying the model clear of the vertical 
restraint limits and by nulling the horizontal drag on 
the rod to zero, such that thrust equalled drag. Climb 
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B. (Continued) 


and descent conditions were simulated by trimming the axial 
force on the rod to the value of thrust or diag required to 
simulate the gravity component acting parallel to the flight 
path. At selected data points the model was disturbed in 
pitch and yaw, separately, to obtain frequence and damping 
data . 


Data was obtained in helicopter, conversion and auto- 
rotative flight to evaluate aircraft characteristics in 
the performance, dynamics, stability and control areas. 
Testing covered forward flight from hover to 100 knots 
full-scale at mast angles of 90 degrees (Figure IV-5), 

75 degrees (Figure IV-6), 60 degrees (Figure IV-7 ) , and 30 
degrees (Figure IV-8) . Sid 2 ward flight testing with a 
mast angle of 90 degrees was investigated from hover to 30 
knots (Figure IV-9). Rearward flight was tested from 
hover to 35 knots (Figure IV 10) at yaw angles up to 45 
degrees. IGE testing was at h/D = .5 to .75 from 16 to 
60 knots using the moving belt ground plane (Figure IV-11). 

C. Sting Mount Tes t 

The model was mounted on a sting support system with an 
internal, six component strain gage balance to measure force 
and moment data. Fuselage pitch attitude was generally 
varied from -18 to +20 degrees and yaw angle varied rrom 
-2 to +20 degrees. Only forward flight was investigated. 

Control position determined at the trim points during the 
rod test were used to set fuselage attitude, rotor control 
positions and elevator position. Static stability data 
were obtained during pitch and yaw sweeps from the trim 
condition. Control settings were held constant during 
the sweeps. Horizontal stabilizer incidence was varied 
to obtain stabilizer effectiveness and elevator sweeps 
were made for elevator effectiveness. Tests were also 
conducted with the empennage and/or the rotors removed 
(Figures IV-12 and IV-13). 

A tuft grid (3 ft x 4 ft) was mounted on the sting and placed 
directly behind the empennage (Figure IV-14) to visually 
determine flow patterns in the vicinity of the empennage 
during low speed helicopter flight (airspeed from 16 to 
40 knots). Photographs were taken with the rotors stopped 
and at trimmed level flight conditions for yaw angle of 0 
and 10 degrees. 
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D. Data Reduction 


Corrections for Reynolds number effects must be made to make 
the model data representative of the full-scale aircraft char- 
acteristics. Trends and rotor wake effects on the airframe 
are believed representative of wha t might be expected on 
the full-scale aircraft. Rotor and airframe aerodynamic 
parameters used in the correlation study have been modified 
to account for the model Reynolds numbers. Reynolds number 
during the test ranged from 80,000 to 500,000 referenced 
to the wing chord of 1.045 feet. Airspeed used in this 
report is the equivalent full-scale airspeed. Vortex 
generators were placed on the wing quarter-chord to better 
simulate full scale lift characteristics at high angles of 
attack. The data reference center for all data obtained 
during the sting test is stationline 60.0, waterline 16.7 
and butt line 0.0 of the model. This corresponds to an 
equivalent full scale stationline 300.0 and waterline 83.5. 
Center of gravity positions tested during the rod test were 
equivalent to an aft eg for mast angles of 90 and 75 degrees. 
As the nacelles were tilted forward the weight of the model 
rotor gear box caused a forward shift in eg, more than for 
the full scale aircraft. This resulted in mast angles 60 
and 30 degrees being tested at forward eg. Center of gravity 
locations for the rod test at the mast angles tested are as 
fo Hows : 


Mast Fuselage* Waterline 

Angle Station 



90 

60.0 

16.7 



75 

59.4 

16.6 



60 

59.0 

16.5 



30 

58.2 

16 .2 

*Model Scale 

Force and 

moment data 

obtained 

during the 

sting test was 

measured 

on the wind 

tunnel six 

-component 

internal balance 


and data reduction was by a Vought Aeronautics Wind Tunnel 
data reduction program. Dynamic and static model data 
(control position, rotor parameters, and empennage lift) 
obtained during all phases of testing were recorded on 
magnetic tape and three oscillographs. Calibration of all 
strain gages were completed prior to testing with additional 
calibration made frequently during the tests. Magnetic 
tape data was put digitized form at Bell Helicopter's 
Data Reduction Center. Comparisons and verification have 
been made with hand -reduced data from the oscillographs. 

The force and moment sign convention used for the rotor and 
airframe is shown in Figure IV-15. 
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Figure IV-LO. Rod Test, Rearward Flight 
Mast 90 Degrees. 
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V. RESULTS OF TESTS 


A . Hover Test 

1 . Roll Static Stability 

The model was tested at h/D ratios of 0.5, 0.75, and 
1.0. The moment required to hold the model at a given 
roll angle was measured first with the rotors stopped 
and then with the rotors turning and at lg thrust. 

The difference between the recorded moments is the con- 
tribution of the rotor wake -wing-ground aerodynamic 
interference. Data recorded in terms of weight at the 
wing tip required to maintain a given roll angle is 
given in Figure V-l for h/D = 0.50. At h/D = 0.5 the 
roll moment is stabilizing. Figure V-2 shows the 
weight versus roll angle for h/D =1.0 where the roll 
moment is destabilizing. Tests were also made with the 
wing aerodynamic fairings removed. 

Figure V-3 summarizes the roll static stability data 
As indicated, the model was found to have positive roll 
stability at touchdown, h/D = 0.50. Above an h/D = 0.54 
the model showed negative roll stability which was lin- 
ear with roll angle, over +6 degrees. The maximum 
instability was found to occur at h/D = 0.85. T^e full- 
scale control input required to trim this instability 
was found to be 0.051 inches of lateral stick per degree 
of roll at an equivalent full-scale gross weight of 
8,250 pounds. The lateral ■'onfrol requirement is ex- 
pected to increase linearly with the rotor downwash 
dynamic pressure. Thus at the maximum VTOL gross weight 
of the Model 301 (15,000 pounds) the muvimutn lateral 
control requirement is predicted to be 0.C93 inches of 
stick per degree of roll. For a ren-degree wing drop 
in-ground-effect the lateral stick for trim would be 
0.93 inches. Maximum lateral stick travel available is 
±4.8 inches. 

2 . Performance 


The model was tested wi - :h wing panels on and off, at 
h/D ratios from 0.5 through 1.0. The model had vertical 
freedom, ±4° roll freedom and ±20° yaw freedom. Pitch 
freedom was locked out. The model was counterbalanced 
by weights so that hover performance could be investi- 
gated at net-thrust values of 50 pounds thi ough 100 
pounds (6250 pounds througn 12,500 pounds full-scale). 
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2. (Continued) 

The optimum f la p setting to minimize wing download wis 
investigated at h/D = L . 0 . The baseline data point was 
the model hovering a r a net thrust ot 75 pounds (9375 
pounds full.- sea 1 o ) , fl^ps/ ailerons at zero settings. 
Resetting the flaps . ai lerons to 45 25'. 60 45'' and 
75/45° showed in each case an increase oi 6.0 percent 
in net thrust compared t^ the baseline case. A setting 
of 75/75° showed only a 4.7 percent increase compared to 
the baseline case. The 75/45 c setting was selected tor 
further performance testing since it was apparently 
near optimum. This setting was also used for the roll 
stability testing. The wing panels were also removed 
to determine the difference in power required. (The 
exposed wing spar is a rectangular section so wing down- 
load was not completely eliminate 1.) Results at h/D = 

1.0 are shown in coefficient form in Figure V-4. 

The model rotor hovering perfox-mance was predicted by 
correcting the full scale blade aerodynamic: characteristics 
for Reynolds number and Mach number effects. The blade 
profile drag coefficient at zero lift was increased and 
the section lift curve slope and maximum lift decreased. 

The computed model performance is compared to full scale 
and to the model data in Figure V-4. The calculated model 
erformance compares reasonably well with the performance 
measured with the wing aerodynamic fairings removed, which 
approximates a zero download/upload condition. The model 
power coefficient is calculated to be about 12 percent 
higher than the full scale power coefficient at the same 
weight coefficient. 

Model performance data at h/D = 0.75 and 0.50 are shown 
in Figures V-5 and V-6. 

3 . Wing Download 


The wing download was measured by comparing wing-fairings 
on and off data. At thrust/sigma prime = 84.5 pounds 
(10,600 pounds full-scale) the wing-panel download was 
11.4 percent of thrust at h/D = 1.0, as shown in Figure 
V-7. This is higher than the 7 percent predicted for full- 
scale and it is believed that a Reynolds number effect 
may explain the difference. Hoerner shows that the drag 
of cross-sectional shapes with ..ounded edges and flat 
sides are strongly dependent on Reynolds number as shown 
in Figure V-8. The sections tested by Hoerner are con- 
sidered to be comparable to a wing, with flaps deflected, 
at an angle of attack of -90 degrees. The drag coeffi- 
cients of Figure V-8 drop by at least 50 percent as Reynolds 
number is increased from that of the model (2 x 10^) to 
that of full-scale (2 x 10^). Thus the modei download of 
11.4 percent thrust can be predicted to reduce to 5-7 
percent of full-scale thrust. 
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3. (Continued) 

Also shown on Figure V-7 arp the results of a recent test 
of the one-tenth-scale Bell C100 FIB tiLt rotor model. 
This test was conducted at Reynolds numbers around 
4 X 105 and showed a wing download under 7 percent. 

This Reynolds number is close to the "drag-bucket" of 
Figure V-8 and may be more representative of full-scale 
values. The reduction in power required in-ground-effect 
is shown in Figure V-9. The reduction is 12 percent if 
high model weights, increasing to over 19 percent at low 
model weights. 

The vertical "spring" in ground effect is shown in Fig- 
ure V-10. Collective pitch was not instrumented on this 
test so the thrust change is shown at constant torque. 

The vertical "spring” is virtually the same with wing- 
panels on or off. At medium model weights, the net 
thrust increased by 19 percent as h/D reduced from 1.0 
to 0.5. 


Controllability in Semi-Free Flight 


The model was tested in a transitional hover test rig 
(h/D = 1.0) to investigate free flight stability and con- 
trol response. Control of the model was found to be so 
difficult that most of the test period was spent developing 
piloting skill. The pilot's skill level at the end of the 
test period was much higher than at the beginning but was 
still less than that required for precision control of 
the model. Hover over a spot could generally be achiew 
until a wind gust or an input caused a roll disturbance 
The model then translated rapidly until the transitional 
limits were reached. The tendency was aggrevated by the 
horizontal translational restraint system causing a 
rolling moment with horizontal displacement. 



Yaw control proved to be easy once the pilo_ recognized 
the need to lead yaw rate in order to stop cu the desired 
heading. Pitch control was not difficult except where 
roll and lateral translation motion became large, then 
pitch could not be controlled. 

The wing panels were removed from the model to see if 
rotcr-wing aerodynamic interference contributed to the 
roll-lateral translation control problem. However, no 
significant change was observed. The model was also 
flown at h/D = 0.75. At that height it was not con- 
trollable. When the snubber was released, the model 
would translate laterally so quickly that the pilots 
did not have time to regain control over the model 
before it reached the stops. 
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It was apparent from the hover controllability test that 
given sufficient time to develop piloting proficiency, 
the model could be successfully hovered. However, this 
task was felt to be of low priority and was terminated 
in order to prepare for the wind tunnel tests. 

Semi -Free Flight. Rod Mount Test 


Tests on the vertical rod mount covered the mast angle range 
from 95 degrees to 30 degrees and airspeeds from hover to 
100 knots. (Airspeeds and gross weights given in this re- 
port are equivalent full scale values. All other para- 
meters shown are in model scale.) Tests were performed to 
determine control positions for trimmed flight and to evalu- 
ate stability and flying qualities about trim. 

Airframe and rotor parameters monitored during the test 
included fuselage pitch attitude, elevator position, empen- 
nage lift, cyclic position, collective setting at 0.75 
radius of the blade, rotor torque, and rotor flapping. 

Rotor loads and vibration levels were also monitored to 
prevent exceeding limits. There is some scatter in the 
test data which must be attributed to the model not being in 
trim flight. A trimmed level flight condition on the rod 
was obtained when the thrust/drag indicator on the rod indi- 
cated zero. Accuracy of the indicator and its reading, and 
the low dynamic pressure at the low airspeeds tested made 
it difficult to determine the precise trim point. Any off- 
trim thrust or drag is equivalent to flying in a climb or 
descent. Also, small roll and yaw angles were difficult 
to detect. Every attempt was made to maintain correct 
rigging between cyclic and elevator through the test, but 
some data points were taken with improper elevator settings. 
Combinations of these factors resulted in off-trim condi- 
tions for some recorded test points. Therefore, general 
trends should receive more emphasis than studying each 
individual data point. 

Comparison between test data and parameters calculated using 
BHC computer program C81 is shown in each figure. Airframe 
and rotor aerodynamic inputs to program C81 were corrected 
to reflect Reynolds number effects. Reynolds number effects 
are significant and must be kept in mind when using the test 
data to predict full-scale characteristics. The recommended 
approach is to validate the computer program using test data 
and then scale up to predict full-scale characteristics using 
aerodynamic data appropriate to the full-scale Reynolds 
numbers . 
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Figure V-il shows the model parameters for 
trimmed level flight versus airspeed. Vortex 
generators have been used during low Reynolds 
number scaled model testing of the Model 300 
to obtain lift characteristics that approxi- 
mate full scale 12. As shown in Figure V-ll, 
vortex generators do not have a significant 
effect on the trim parameters. The largest 
difference occurred in the rotor torque. In 
analyzing the data for points 80 through 
89 with the vortex generators off, it was 
noted that a small amount of drag was in- 
dicated on the rod which is equivalent to 
having a rate of descent. This may explain 
why the vortex generators off data required 
less power. 

Cyclic position and empennage lift are a pri- 
mary indicator of rotor wake effects on the 
horizontal stabilizer. The shallow stick 
gradient between 20 and 50 knots is the result 
of the rotor wake having the net effect of an 
upwash; positive empennage lift tends to con- 
firm that the rotor wake acts as an upwash. 

As speed increases above 50 knots wing down- 
wash becomes more effective, providing a stable 
stick gradient with airspeed. The shallow 
gradient between 20 and 50 knots is within the 
MIL-SPEC requirements and should not present 
a problem. During recent simulator studies 
of the Model 301 the shallow gradient did not 
present a problem for the pilots. 

Calculated rotor torque (power) was found to 
be in very good agreement with test. Torque 
readings remained consistant throughout the 
test and were later used as a trim indicator 
during the sting test. 

In general, calculated empennage lift is in 
close agreement with test data although the 
empennage lift data had the largest amount of 
scatter of all the parameters measured. Several 
items that affect empennage lift which contri- 
bute to this variation are fuselage pitch atti- 
tude, elevator position, and rotor power. The 
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(1) (Continued) 

trend generally remained the same and shows 
a variation initially from a download to an 
upload. As speed increases, the upwash from 
the rotor decreases and the downwash from the 
wing increases. Another reason for the dif- 
ference between theory and test is the present 
inadequate representation of the rotor wake in 
program C81. This will be discussed later in 
Section VI. 

Rotor flapping was found to be up to 4^ percent 
higher than calculated. This difference is 
primarily due to lateral flapping. Measured 
fore-and-aft flapping is in good agreement with 
that estimated. By refining the original theory, 
analysis shows that better agreement can be made 
with the measured flapping as discussed in 
detail in Section VI. Altaough flapping was 
higher than calculated, flapping does not appear 
to restrict any flight condition. 

During the initial portion of the rod test the 
roll degree of freedom was locked out to reduce 
the model pilots work load and to allow a pre- 
liminary evaluation of flying qualities. Once 
the model was checked out and found to be easy 
to control the roll restraint was removed. No 
significant difference was observed in trim 
characteristics between having the roll fixed 
or free. 

(2) Effect of Horizontal Stabilizer Incidence on 
Level Flight Trim 

Figure V-12 illustrates the effec'. of horizontal 
incidence (i4°) on level flight trim parameters. 
The trends and agreement between theory and 
test data are similar to those discussed above. 
Ihe main effect of changing stabilizer incidence 
is in the longitudinal cyclic stick trim posi- 
tion. Positive incidence (leading edge up) 
tends to reduce the gradient with airspeed 
between 20 and 60 knots. For the four degrees 
tested, the cyclic stick position showed a 
stick reversal. With negative incidence, the 
cyclic stick gradient with airspeed improves. 

Changing incidence in either direction has 
advantages and disadvantages. Positive inci- 
dence produces a stick reversal between 20 and 
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(2) (Continued-) 

60 knots, but does not require as much forward 
stick at high speeds. High speed helicopter 
would then be limited by power instead of stick 
travel. Positive incidence also tends to pitch 
the aircraft more nose down which would be 
undesirable from a pilot’s point of view (fuse- 
lage angle of attack with +4 degrees incidence 
is -15 degrees at 100 knots) and may also result 
in increased blade loads. Negative incidence 
on the other hand, although steepening the 
stick gradient, requires more cyclic for high 
speed helicopter flight and thereby restricts 
the speed in this mode. 

(3) Effect of Gross Weight on Level Flight Trim 

The effect of gross weight on level flight trim 
parameters is shown in Figure ' r -13. The para- 
meters which are significantly affected by 
gross weight are collective pitch, mast 
torque, and blade flapping. Computed collec- 
tive pitch and mast torque are in close agree- 
ment with test data. A significant difference 
was again found in computed lateral flapping 
due to the simplified math model used for the 
induced velocity distribution. 

(4) Effect of Wing Lift on Trim Parameters 

The aerodynamic fairings were removed from the 
wing spar to investigate the effect of wing 
lift on the level flight trim parameters. Fig- 
ure V-14 shows the trim parameters versus air- 
speed, with the fairings removed. Comparison 
of the wing fairings off and fairings on data, 
Figure V-ll, does not indicate a significant 
influence. 

Early in the test program wing aerodynamic 
interference was suspected to be one of the 
reasons for tha higher than calculated lateral 
flapping. However, flapping with the fairings 
removed was the same as with the fairings on. 

(5) Descent and Autorotation Trim Parameters 


Rate of descent or climb was determined from 
the magnitude of the model's drag or thrust 
on the vertical rods. The method is illustrated 
in Figure V-15. 
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(5) (Continued) 

Descent and autorotation trim parameters were 
determined over a range of airspeed (50 to 90 
knots), for flap settings of 0° and 45°, and 
mast angles of 90° and 95°. Descent and auto- 
rotation trim data is summarized in Figure V-16. 
Autorotation was achieved at an equivalent full- 
scale rate of descent of 4000 feet per minute 
at 80 knots airspeed- The calculated full- 
scale autorotation rate of descent at 80 knots 
is 2400 feet per minute. Reynolds number 
effects are considered to be responsible for 
this difference between the model and full- 
scale rates of descent. 

Airframe and rotor characteristics were corrected 
to test Reynolds numbers and used to compute the 
rate, of descent. Reasonable agreement with re- 
gard to fuselage attitude, rotor power and con- 
trol positions was obtained for rates of descent 
up to about 2500 feet per minute. However, at 
higher rates of descent the calculated fuselage 
attitude was signficantly higher than measured. 
Investigation showed that the wing was not 
stalled in the computer program whereas during 
the test tufts on the wing indicated flow over 
the wing was separated at the higher rates of 
descent. The inputs to the program were modified 
to reflect the model's wing stall characteristics, 
including the wing downwash above stall. Once 
this was done the calculated and measured rates 
of descent were in good agreement. 

(6) Climb Trim Parameters 

Structural interference limited the nose down 
pitch attitude with respect to the rod to -10 
degrees. Consequently, very little data on 
climb trim parameters was obtained for mast 
angle 90°. What data was obtained is presented 
with the static stability data in sec- 
tion V.B.2. 

(7 ) Forward Flight IGE, Sideward and Rearward 
Flight OGE 

Tests were made in ground effect (IGE) at h/D = 

.75 and .50 with a moving ground plane and bound- 
ary layer suction. The moving ground plane was 
operated at speeds corresponding to the tunnel's 


301-099-002 


V-8 


r 


v ' 





I 




i 



BELL 

HELICOPTER company 


list' ur disc I' Sur* ■ )? r, jtj n !'n> jjjv <•> 
>uli|*V *r, tin f **st r * ■ * i r, r IN t:t4 ;)j(.* 


(7) (Continued) 

air velocity. The test data i'or forward flight 
shown in Figure V-L7 indicates the model to have 
a more nose down fuselage pitch attitude IGE 
than OGE. The cyclic stick position is more 
aft than OGE indicating a significant upload on 
the horizontal stabilizer. Torque was lower 
during hover IGE, but was about the same as OGE 
between 16 and 30 knots. More torque was re- 
quired at 40 and 60 knots IGE than OGE. 

Sideward flight was accomplished at airspeeds 
up to 30 knots. As shown in Figure V-18, 
approximately 4.6 degrees of differential cyclic 
pitch was required to hold heading at 30 knots. 
This is higher than the design value of 4.0. 
However, the model did not have rudders, which 
will tend to relieve the differential cyclic 
requirement. One significant factor observed 
during sideward flight was the increase in 
power required resulting from the tandem rotor 
effect. (The trailing rotor is in the downwash 
of the leading rotor and therefore has a higher 
induced power loss.) 

Rearward flight was accomplished at speeds up 
to 35 knots at both forward and aft eg positions. 
Figure V-19 shows the trim parameters versus 
airspeed. Eight degrees of aft cyclic was 
required at 35 knots, forward eg. (Elevator 
settings were not set at the proper value for. 
the cyclic position because of a physical limit on 
up-elevator. The proper value would tend to 
reduce the cyclic requirement slightly.) Blade 
flapping at forward eg was high because of the 
aft cyclic required to trim out the weight 
moment . 

b. Mast angle 75° 

Figure V-20 shows the level flight trim parameters for 
mast angle 75 degrees. Comparison between theory 

(C81) and measured parameters is similar to chat 
discussed for mast angle 90 degrees. 

The longitudinal cyclic gradient with airspeed . shows 
a reversal between 30 knots and 60 knots that is more 
pronounced than the reversal at mast angle 90 degrees. 
The lateral flapping trend with airspeed is similar 
to that for mast angle 90 degrees. 
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b. (Continued) 

Several gross weights were tested at mast angle 75 
degrees; trim positions are shown in Figure V-21. 

The most significant variation with gross weight was 
in power and flapping. 

Figure V-22 shows the effect of flap setting on trim 
parameters. During runs at 75 degrees (and at 90 
degrees) it was noticed that the tufts on the flaps 
indicated separation and spanwise flow. This was 
considered as a possible unrealistic representation 
of the wing wake. Vortex generators were added to 
the wing at the flap hinge line, but did not change 
the appearance of the tufts. The flaps were then 
raised to eliminate the separation. However, little 
difference was noted in the trim attitude or cyclic 
stick position, as is shown in Figure V-22. 


c . 


Mast angles 60° and 30° 


Figures V-23 and V-24 show trim parameters for mast 
angle 60 degrees and 30 degrees respectively. Only 
a limited amount of data was taken at these mast 
angles since analysis and test (the XV-3) indicate 
the significant handling qualities problems arc at 
mast angle 90 and 75 degrees. 


In comparing computed and test for mast angles of 
60 and 30 degrees, caution should be exercised in 
using these as realistic trimmed flight conditions. 
Incorrect cyclic/elevator gearing used for these 
mast angles caused large differences in empennage 
lift. Proper elevator settings at aft cyclic 
positions were not obtained because of limits on up 
elevator deflections. In addition are the model scale 
effects (low and low test airspeeds) as discussed 

max 

earlier, which make these trim conditions unrepresenta- 
tive of the full scale aircraft trim. 


Static Stability Characteristics 


Longitudinal 


Longitudinal static stability at mast angles 90 and 
75 degrees was investigated by trimming the model 
over a range of fuselage trim attitudes. Figures 
V-25 and V-26 show the trim parameters versus fuse- 
lage pitch attitude for mast angles 90 and 75 degrees 
respectively. These trim points correspond to 
climbing or descending flight. 
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a. (Continued) 

At mast angle 90 degrees the longitudinal cyclic 
stick position gradient with fuselage pitch attitude 
indicates positive static stability. However, at 
mast angle 75 degrees and 30 knots, the stick 
gradient shows approximately neutral static sta- 
bility. The m^del pilot found it very difficult to 
trim the model in this condition. Positive static 
stability was indicated at the higher speeds tested 
for mast angle 75 degrees. 

b. Lateral directional 


Lateral directional static stability was investigated 
at mast angles 90 and 75 degrees by yawing the model 
with differential cyclic and trimming roll and pitch 
with differential collective and longitudinal cyclic 
respectively. Figures V-27 and V-28 show the trim 
parameters versus yaw angle for mast angles 90 and 
75 degrees respectively. 

The differential cyclic required to maintain a given 
yaw angle was essentially linear over the range of 
speed and yaw angle tested. There was a significant 
variation in the longitudinal cyclic required for 
trim with yaw angle. This variation reflects the 
change in upload to download on the horizontal 
stabilizer due to the rotor wake with yaw angle. 

3 ♦ Dynamic Stability Characteristics 

At each trim point the model was disturbed in pitch and 
yaw to obtain dynamic stability data. The frequency 
and damping of the pitching and yawing modes were 
extracted from the time history of the model response. 

Table V-l compares calculated frequency and damping 
with that measured in the test. In general, agreement 
is good. Note that at the lower speeds the measured 
frequency and damping are not given because the model 
response was so sluggish that the frequency and damping 
could not be accurately calculated from the time history. 

4 . Contro llabi lity 

The evaluation given in Table V-2 with regard to model 
controllability on the rod mount was recorded by the 
model pilots: (all comments pertain to the 11,000 

pound gross weight configuration) . 
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5 . Aeroelastic Stability , Oscillatory Loads, and Vibration 

a . Aeroelastic stability 

The aeroelastic stability characteristics were 
investigated by exciting the coupled rotor -pylon- 
wing modes and observing the decay of the motion. 

The model was excited by plucking wires attached 
to the left hand nacelle and by bouncing the model 
on the vertical restraint cable. The damping was 
monitored visually and on an oscillograph. 

Rotor -pylon -wing motions were well damped with no 
evidence of instability at any conversion angle or 
speed. It was not possible L o accurately reduce 
the damping using conventional, decay analysis because 
the steady-state forced vibration partially obscured 
the decay. Since aeroelastic stability has not been 
identified as a problem in helicopter and conversion 
mode, no attempt was made to reduce the data using 
other methods. 

b . Oscillatory loads 

Rotor and control system oscillatory loads were 
monitored during the test to avoid exceeding limits. 
Figure V-29 shows typical waveforms of the rotor 
loads and flapping. Loads were pre ’ominantly one- 
per-rev at all mast angles and airspeeds. One-per- 
rev loads were also predominant in the 25 -foot prop- 
rotor test in the 40- by 80-foot wind tunnel. 

Figures V-30 through 32 show measured beamwise and 
chordwise bending at blade station 52.5, and the 
pitch link load versus airspeed, for the four con- 
version angles tested. Blade and control loads 
were well below the equivalent full scale endurance 
limit and show a reduction in magnitude as the 
nacelles convert from helicopter to airplane mode. 
Figure V-33 shows the variation in blade and con- 
trol loads with gross weight at constant airspeed. 

The load trend does not indicate the occurrence of 
stall flutter o” other aeroelastic instability. 

It should he noted that blade and control loads are 
well below the 1- ads predicted for the Model 301*?. 
This is caused ’/ (1) the model rotor not being 
Mach scaled when tested in air (scale factor is 
0.447) so that drag rise at high lift coefficients 
is not correct, and (2) the model blade first iupl.nc 
natural frequency ratio is slightly higher than 
that for the full-scale blade. 
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c. Airframe vibration 


Vibration levels were measured at seven locations: 
three on the right hand nacelle, one on the left 
hand nacelle, one on each of the vertical fins and 
one at the aircraft center of gravity. The nacelle 
accelerometers could be moved to monitor vibrations 
in either the fore-and-aft or the lateral sense. 

The vertical fin accelerometers measured in the 
fore-and-aft sense and the accelerometer at the 
aircraft center of gravity measured in the vertical 
sense . 

Figure V-34 shows the frequency content of the vibra- 
tion of four stations. The dominant frequency is 
one-per-rev (21 cps) and is caused by rotor out of 
balance and/or out of track. The operating toler- 
ance on out of balance and out of track is much 
greater foi the model than full-scale. Hence, the 
one-per-rev vibration is not considered representa- 
tive of full-scale. 

The two-per-rev vibration is caused by the Hooke's 
joint effects of the rotor gimbals in combination 
with rotor flapping. Witn a gimballed rotor, flap- 
ping induces a two-per-rev torque and moment at the 
hub which are proportional to the square of the 
flapping angle. Figure V-35 shows that the maximum 
two-per-rev vibration occurs at approximately 40 
knots which is the airspeed at which flapping was 
the maximum. 

The three-per-rev vibration results from two-per- 
rev and three-per-rev airloads. The three-per-rev 
vibration level, shown in Figure V-36 has a peak 
near 40 knots where the rotor near wake has the 
most" significant effect and then begins to increase 
again about 80 knots as the rotor advance ratio be- 
comes signfiicant. The variation in vibration level 
with conversion angle is shown in Figures V-37 and 
V-38 for two-per-rev and three-per-rev respectively. 
In general the level of vibration decreases as the 
nacelles are converted forward. 

Both the two-per-rev and three-per-rev vibration 
are representative of the full-scale aircraft. Tne 
levels are within design limits. Analysis of the 
airframe oscillatory load level corresponding to the 
measured vibration levels, indicate the loads are low 
with respect to structural allowables. 
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(Continued) 

Empennage v' station levels were monitored to deter- 
mine if the rotor wake excited empennage natural 
frequencies. While some natural frequency excita- 
tion was evident it was very low in mag tude. The 
dominant vibration frequency was one-per-rev but 
as noted earlier the one-per-rev level is not repre- 
sentative of full-scale. 


Sting Mount Test 


The sting mount test covered the same ranges of mast angle 
and airspeed covered in the rod mount test. Control posi- 
tions and pitch attitude were based on the trim values 
determined during the rod mount test. The strain, gage 
balance was used to verify that lift and pitching moment 
were in trim; when indicated, collective pitch and/or 
longitudinal cyclic was adjusted to improve the trim condi- 
ti< a. In some cases climb and descent trim were estimated 
by extrapolating trim data from the rod test since only a 
limited amount of data for these conditions had been obtained. 

A tuft grid was placed in the vicinity of the empennage in 
order to observe the rotor wake. Photographs of the tuft 
grid patterns are given in Appendix C. An analysis of the 
rotor wake observations is presented in Section VI-A. 

1 . Comparison of Airframe Character! sties with Previous 
Test Data 

At the low Reynolds number tested, the stall character- 
istics are significantly different jhan estimated for 
the full scale aircraft. Stall occurred at 12 degrees 
which is 4 degrees lower than chat obtained on the force 
model at a higher Reynolds number. The maximum lift 
coefficient for the aeroelastic model was 0.44 less 
than the force model. A comparison of the aeroelastic 
model with the force model showing the effect of Reynolds 
number is presented in Figure V-39. The reduction in 
maximum lift coefficient had a significant effect on 
simulation of autorotation as discussed in Section V-B. 

There was very little difference in the lateral-direc- 
tional characteristics as shown in Figure V-40. 

2 . Comparison of Rod and Scing Mount Trim Parameters 

Figure V-41 shows comparison of typical trimmed level 
flight attitudes and control positions used during the 
rod and sting tests. Fuselage pitch attitude, cyclic 
position, and torque settings used during th . sting 
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2. (Continued) 

test were preset based on trim settings determined during 
the rod test. During the sting test torque was found to 
be the quickest and best indicator of the model being in 
trim. Higher collective pitch settings were required 
during the sting test than the rod test for the same 
torque readings. Checks made of model lift on the tunnel 
balance verified the model to be in trim and that the 
torque to be indicating properly. A difference in collec- 
tive pitch calibration is suspected to be the reason 
for the difference between the tests. Collective pitch 
settings obtained during the sting test are in better 
agreement with the theoretically computed values. 

Empennage lift and rotor flapping, the two independent 
parameters in the two tests, are in close agreement. 

3 . Static Stability Characteristics 

Force and moment data was obtained for rotors and/or 
empennage on and off to evaluate rotor wake effects. 

Pitch and yaw sweeps were made about the trim attitude 
for level, climb, and descent flight configurations. 

Lift, pitching moment, and yawing moment data are 
summarized in this section for level flight from 40 to 
100 knots. A complete set of force and moment data 
at lower airspeeds, and climb and descent are given in 
Appendix B. 

a . lift coefficient, mast angle 90 degrees 

A comparison between rotors-off and rotors-on lift 
coefficients at 40, 60, and 80 knots is shown in 
Figures V-42, V-43, ana V-44. (Lift coefficient 
is based on wing area and frees tream dynamic pres- 
sure . ) 



I 

I 


b . Pitching moment coefficient, mast 90 degrees 

Pitching moment characteristics for the same speed 
range are shown in Figures V-f-5, V-46 , and V-47 . 

The change in pitching moment with angle of attack 
(C ), rotors-off, does not change with airspeed. 

a 

Wing downwash and pitching moment at zero pitch 
(C ), empennage off, changes due to Reynolds 

m a= 0 

number effects. These effects combine causing the 
sh:ft in C , empennage on. At the low Reynolds 

a = 0 

numbers, the lift curve slope of the horizontal tail 









?' 


301-099-002 


V-15 




I 




- • «' 4 ** ■*_ r*v 









Sr 

.,k 


ft. 


£3 


I 

l 

I 

R 

JL 

I 

% 

I 

I 



BELL 

HELICOPTER c 



b. (Continued) 

(C T ) is reduced unu results in lower static Long i - 

“h 

tudina], stabilitv (C ) than for the full scale 

' m 

a 

airframe. The comparison of the aeroelastic model 

with the force model, given in Figure V-39 shows the 

effect of Reynolds number on C . The break in 
J m 

or 

the pitching moment curve at 12 degrees is due to 
wing stall. 

The effect of the rotor wake on the Ditching moment 
is apparent when the rotors-on and rotors-off pitch- 
ing moments are compared. At 40 knots the model 
is unstable for negative angles of attack and stable 
rt positive angles. At 60 and v.3 knots the model 
is stable on either side of trim. The change in 
pitching moment due to the empennage indicates that 
the wake changes from a downwash with rotors-off to 
an upwash with rotors-on (see Section VI for a more 
detailed discussion cf rotor wake effect;). 

The pitching moment characteristics may be explained 
as follows: at ' l 0 k ,ots and at negative angles of 

attack, the rate of change of the upwash at the hor- 
izontal stabilizer with angle of attack (d e ^, d a ) is 

greater than 1.0, which cancels the stabilizing 
effect of the horizontal stabilizer. At positive 
angle of attack, de T /d a is nearly zero so the slope 
of the pitching moment is about the same as rotors- 
off. At 60 and 80 knots, d € ^,/d a is lower than 

d e ^/^/d a (rotors-eff wing downwash) making the air- 
craft more stable rotors-on than rotors-off. The 
unstable bump in the pitching moment coefficient 
around 8 degrees angle of attack at 60 and 80 knots 
is not understood. However, it may be due to the 
rotor vortices impinging on the horizontal stabilizer 
and causing the flow to separate. 

c . Tawing moment coefficient, mast 90 degrees 

Directional stability with rotors-on and -off at 40, 
60, and 80 knets is shown in Figures V-h 9 through 
V-50 for up to 20 degrees of yaw. Again, the rotor 
wake effect on the empennage is significant at 40 
knots and decreases with increasing airspeed. 
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(Continued) 

Very little change in rotors-off directional sta- 
bility is noted with airspeed for either empennage- 
off or on. A change in slope occurs at about 6 
degrees yaw whicn appears to be a Reynolds number 
effect on the vertical fins. 

At 40 knots, rotors -on, directional stability is 
neutral for yaw angles less than 4 degrees and in- 
creases in stability between 4 and 20 degrees yaw. 

As speed increases, stability improver between i4 l 
rid decreases between 4 and 20 degrees. For the air- 
speeds tested, directional stability above 12 degrees 
yaw is greater rotors-on than rotors-off. 


Lift coefficient. Mast an? 


75 degrees 


Lift characteristics at mast angle 75 degrees are 
very similar to those for mast angle 90 degrees and 
are shown in Figures V-51, V-52, and Y-53 respec- 
tively . 

Pitching Moment Coefficient, Mast angle 75 degrees 

Pitching moment characteristics are shown in Figures 
V-54, V-55, and V-56. Rotors-off characteristics 
with airspeed and angle of attack are similar to 
mast angle 90 degrees. 

At 40 knots, rotors-on, empennage -on , the aircraft 
pitching moment shows a stable slope below trim, 
changing to an unstable slope above trim and then 
returns to a stable slope after wing stall. The 
pitch up which is also present at 60 knots, makes 
the aircraft unstable about level flight trim. The 
pitch up tendency disappears at 80 knots, when the 
pitching moment becomes slightly stable. This trend 
is different than at mast angle 90 degrees. At mast 
angle 90 degrees, rotors-on stability wa^ better 
than rotors off (except at 40 knots). At mast angle 
75 degrees the pitching moment varies with angle of 
attack and airspeed, and is )( So stable at the 
higher airspeed. 

The unstable region in the pitching moment curve 
also exists at mast angle 90 degrees, but does not 
occur near the level flight trim attitude. Level 
flight trim for mast angle 90 degrees ranges from 
0 to -8 degrees, several degrees below the pitch- 
up, wnereas trim for mast 75 degrees is at angles 
of attack ranging from 8 to 2 degrees, right in the 
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e- (Continued) 

middle of the pitch up. Referring to climb and 
descent data presented in Appendix B, it is seen 
that the pitch up occurs near these trim attitudes 
and would also have an effect on stability for these 
configurations. This change in stability with pitch 
attitude is caused by the relationship of the rotors 
tip vortices to the horizontal stabilizer. At small 
and negative angles of attach the horizontal sta- 
bilizer moves closer to the core of the vortices. 

The rate of change of the tail angle of attack with 
change in pitch attitude (da H /<?«p) is generally 

less in this region because of the strength of the 
rotor wake relative to the freestream. At positive 
angles of attack the horizontal stabilizer moves 
farther away from the vortices. In this region 
the total wake changes more rapidly with angle of 
attack, in some cases at nearly the same rate as 
the change aircraft pitch attitude eliminating the 
stabilizing contribution of the horizontal stabilizer 
(da^/dap = 0) . It should be noted that this pitch up 

is dependent on the relationship of mast angle and 
airspeed and will not occur at the same angle of 
attacx for all cases. The strength of the rotor wake, 
wing wake, and freestream must all be included. As 
speed increases this trend continues but the rotor 
wake weakens until the main influence on stability 
is the wing downwash. The rotors give an upwash in 
the 40 to 80 knots speed range. 

f . Y awing Moment Coefficient, Mast angle 75 degrees 

Directional stability for mast angle 75 degrees at 
40, 60, and 80 knots is shown in Figures V-57 , V-58, 
and V-59 respectively. Rotors-off, the yawing moment 
is very similar in magnitude and characteristics as 
for mast angle 90 degrees. 

Rotors-on tests showed increased directional stability 
at yaw angles greater than six degrees. As airspeed 
increases directional stability rotors-on reduces at 
high yaw angles to nearly the level of rotors-off. 

At 40 knots, rotors-on, the rotor wake effects are 
more severe than for mast angle 90 degrees. Between 
yaw angles of ±2.0 degrees the model was directionally 
unstable. As airspeed increased the model becomes 
more stable. 
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g . Lift Coefficient, Mast Angles 60 and 30 degree.? 

Lift coefficients at I’O and 100 knots for mast 
angles of 60 and 30 degrees are shown in Figures 
V-60 and V-61. 

h. Pitching Mom at Coefficient, Mast Angle 60 and 3 0 
degree s 

Pitching moment coefficient versus angle of attack 
for the same speeds are shown in Figures V-62 and 
V-63. The rotors-off pitching moment is similar to 
that at the other mast angles. The rotors-on pitch- 
ing moment has a pitch up region at 80 knots, mast 
60, as it did at mast angles 90 end 75 degrees at 
lower airspeeds. The pitch up does not occur at 
100 knots or at mast angle of 30 degrees. 

Rotors-on, empennage off data, shows v«.ry little 
destabilizing effect due to the rotor. Empennage 
on, the rotor wake effect is stabilizing in that 
the rotors-on pitching moment is more stable than 
the rotors-off. 

i. Yawing Moment Coefficient, Mast angle 60 and 30 
degrees 

Directional stability for 80 and 100 knots is very 
good as shown in Figures V-64 and V-65. Rotor wake 
effects on the vertical fins* aerodynamics are still 
indicated to be destabilizing but do not reduce the 
directional stability between +4 degrees as much as 
at mast angles 90 and 75 degrees. Directional sta- 
bility is still increased, rotors-on, at yaw angles 
greater than 4 degrees. 


301-099-002 


V-19 



\ 




v v; 

• ‘ . % \ J 




' ( 

-V d " ’ 

BELL 

HELICOPTER company 


[ >r d*S( :?■ 

| V./'j*C* n t 

jt * 

^st * (!' *’ ■■ 

If. S p* r 

U * ‘ *!»• {*£ * 



TABLE V-l. CORRELATION BETWEEN CALCULATED AND MEASURED 
DYNAMIC STABILITY CHARACTERISTICS 


Pitch 




Mast 

Angle 

Airspeed 

Knots 

Measured^" 

Period/Damping 

Calculated^" 

Period/Damping 

90° 

80 

3.6 sec/5 = .41 

3.2 sec/5 = .66 
(3.62 sec/5 = .4ir 


90 

2.7 sec/5 = .45 

2.98 sec/5 = .64 


100 

2.34 sec/5 = .35 

2.7/5 = .62 

75° 

60° 

60 

3.42 sec/5 = .33 

/Data At This Mast\ 
^Angle Not Usable ) 

4.4 sec/5 - .67 



Lo 

O 

o 

100 

3.03 sec/5 = -42 

2.0 sec/5 = .47 

Yaw 




Mast 

Angle 

Airspeed 

Knots 

Measured 

Period/Damping 

Calculates 

Period/Damping 

90° 

100 

5.6 sec/5 = .190 

4.6 sec/5 = .14 

75° 

100 

5.6 sec/5 = .17 

4.3 sec/5 = .17 

60° 

30° 

80 

7.05 sec/5 = .25 

/Data At This Mast\ 
^Angle Not Usable J 

5.6 sec/5 = .24 



1. 

Full-scale equivalent 


2. 

Calculated used measured static derivatives and with 
dynamic derivatives corrected for Reynolds number 
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TABLE V-2 

EVALUATION OF MODEL CONTROLLABILITY 

Conversion Angle 

Airspeed 

Evaluation 

O 

O 

as 

Hover (IGE and OGE'l 

Very difficult to 
control and impos- 
sible to stabilize 
on trim. (Recircu- 
lation was evident 
in the test section.) 

90° 

16 to 20 Knots 

Roll and pitch con- 
trol very difficult 
but could be sta- 
bilized on trim. 
Directional control 
fairly easy. Height 
control easy. 

O 

O 

as 

20 to 30 Knots 

Roll control diffi- 
cult but pitch con- 
trol much easier. 
Directional and 
height control easy. 

o 

O 

ON 

35 Knots 

All axes fairly 
solid at this speed. 
Easy to obtain trim 
condition . 

90° 

50 to 100 Knots 

Model handles very 
well, trim flight is 
easy to obtain and 
can be maintained 
hands off. 

90° 

Sideward Flight 

Roll control diffi- 
cult. Pitch con- 
trol easy and direc- 
tional control fairly 
easy. Difficult to 
control height. 

90° 

Rearward Flight 

Roll control diffi- 
cult up tc 20 knots, 
the. less difficult 
up to 35 knots. 

Pitch control fairly 
e\?sy. Yaw control 
payer adequate to 
maintain directional 
con \rol = 
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TABLE V-2 EVALUATION OF MODEL CONTROLLABILITY (CONT) 

Conversion Angle 

Airspeed 

Eva luation 

90° 

Descent and Auto- 
rotation 
(50 to 80 Knots) 

Easy to control up 
to the point where 
wing stall occurs, 
then porpoising in 
pitch was present. 

75° 

All Speeds 

^Comments are essen- 
tially the same as 
for mast angle 90° . 

60° and 30° 

80 to 100 Knots 

Easy to control 
about all axes. 


-Except for trim at 
30 knots where the 
model was difficult 
to hold in trim* 
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SEE FIGUkb IV- 1 FOR 
TEST RIG SCHEMATIC 


HOVER TEST 
MAST ANGLE = 90° 
FLAPS = 75/45° 
WING FAIRING ON 
h/D =0.5 



-6 -4 -2 0 2 4 6 


ROLL ANGLE, DEG 


Figure V-I. 


Weight Required to Maintain a Given 
Roll Angle versus Roll Angle, h/D = 
Wing Fairings On. 
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HOVER TEST 
MAST ANGLE = 90° 
FLAPS = 75/45° 
WING FAIRING ON 
h/D = 1.0 



-6 -4 -2 0 2 4 6 


ROLL ANGLE, DEG 


Figure V-2. Weight Required to Maintain a Given 

Roll Angle versus Roll Angle, h/D = 0.75, 
Wing Fairings On. 
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LATERAL STICK TO TRIM, INCH/DEG ROLL 

1500 1000 500 0 500 L000 1500 2000" 

FULL SCALE MOMENT/DEG ROLL, FT LB 


■ 1 


J. 


2.0 1.0 0 1.0 2.0 3.0 

1/5 SCALE MOMENT/DEG ROLL, FT LB 


Figure V-3. Summary of Roll Stability Characteristics 
in IGE Hover. 
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HOVER TEST 
MA.ST ANGLE = 90° 
h/D = 1.0 




Hover Performance , h/D 











Figure V-6. Hover Performance, h/D - 0.5 
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Figure V-7. Wing Down Load Summary, IGE. 
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REYNOLDS NUMBER 


Figure V-8. Drag Coefficient of Wing at o» w = -90° 
verus Reynolds Number. 
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Figure V-9. Power Reduction in Ground Effect. 
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Figure V-LO. Vertical "Spring" in Ground Effect 
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Figure V-ll. 


Level Flight Trim Parameters, 
Mast Angle 90°. 
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ROD MOUNT 
MAST ANGLE = 90° 

FLAPS = 45/25 

WITHOUT VORTEX GENERATORS 

STABILIZER INCIDENCE = 0° 


LSWT 418 
LEVEL FLIGHT 



C81 PTS GW 

— O 80-89 11000 LB 

□ 147-153 13000 LB 

— O 154-157 14250 LB 
(ON STOPS)Q 158 15500 LB 






V , K.TAS 


Figure V-13. Concluded 
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Figure V-17. Trim Parameters for Level Flight IGE, 
Mast Angle 90®. 
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Figure V-18 Sideward Flight Trim Parameters 
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Figure V-20. Concluded 
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Figure V-21. Continued 
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Fieure V-21. Concluded 
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Figure V-22. 


Effect of Flaps on Level Flight Trim 
Parameters, Mast Angle 75°, 
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Figure V-22. Concluded 
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Figure V-28. Variation of Trim Parameters With 

Fuselage Ya\; Angle, Mast Angle 7 5°. 
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Figure V-32. Pitch Link Oscillatory Load versus Airspeed. 
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Figure V-33. 

Blade and Control System Loads versus 
Gross Weight. 
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Figure V-36, 


Three-Per-Rev Vibration Level 
versus Airspeed. 
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Figure V-37. Two-Per-Rev Vibration Level versus 
Conversion Angle. 
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Figure V-38. Three- Per-Rev Vibration Level versus 
Conversion Angle. 
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Figure V- 39. Airframe Lift and Pitching ‘Moment "versus 
Angle of Attack, Rotors Removed. 
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Figure V-40. Airframe Yaw Moment versus Yaw Angle, 
Rotors Removed. 
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pitching Moment versus Fuselage Angle of 
Attack, Mast Angle 90°, Airspeed 80 knots 
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Figure V-49. Yaw Moment Coefficient versus Yaw Angle, 
Mast Angle 90°, Airspeed 60 knots. 
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Figure V-51. Lift Coefficient versus Fuselage Angle of 
Attack, Mast Angle 73°, Airspeed 40 knots 
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Figure V-52. Lift Coefficient versus Fuselage Angle of 
Attack, Mast Angle 75°, Airspeed 60 knots. 
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Figure V-53. Lift Coefficient versus Angle of Attack, 
Mast Angle 75 °, Airspeed 80 knots. 
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Figure V-54. Pitching Moment versus Fuselage Angle of 

Attack, Mast Angle 75°, Airspeed 40 knots. 
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Figure V-55. Pitching Moment versus Fuselage Angle of 
Attack, Mast Angle 75°, Airspeed 60 knots 
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Figure V-57. Yawing Moment Coefficient versus Yaw Angle, 
Mast Angle 75°, Airspeed 40 knots. 
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Yawing Moment Coefficient versus Yaw Angle, 
Mast Angle 75°, Airspeed 80 knots. 
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Figure V-62. Pitching Moment versus Fuselage Angle 
of Attack, Mast Angle 60°. 
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Figure V-6: 

3. Pitching Moment versus Fuselage Angle 
of Attack, Mast Angle 30°. 
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Figure V-64. Yawing Moment Coefficient versus Yaw 
Angle, Mast Angle 60°. 
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Figure V-65. Yawing Moment versus Yaw Angle, 
Mast Angle 30°. 
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VI. ANALYSIS OF RESULTS 


The test data have been analyzed to determine qualitatively and 
quantitatively the effects of the rotor wake on the empennage. 
The results of this analysis will be used to update the Model 
301 flight simulation mathematical model. 

An analysis of the discrepancy with regard to predicted and mea- 
sured flapping was also made and is discussed below. 

A . Analysis of Rotor Wake Tuft Grid Patterns and Smoke Observa - 
tions 


© BELL 

HEUCOPTER compwv 


A tuft grid measuring 3 by 4 feet and located 6 inches aft 
of the horizontal stabilizer trailing edge was used to 
visually observe the rotor wake in the vicinity of the 
empennage. A camera located downstream of the grid was 
used to record the tuft patterns. The tuft grid installa- 
tion was shown in Figure IV-14. 

Figures VI-1 and VI-2 have been sketched from photographs of 
the tuft grid patterns at several airspeeds and attitude 
conditions. The photographs are presented m Appendix C. 

The camera was laterally displaced fr^m the center of the 
grid creating a skewed image of the tufts m the photo- 
graphs. The sketches in Figures VI-1 and V7-2 have been 
drawn without the distortion of the patterns as shown in 
the photographs. In the sketches the flow streamlines 
represent the direction of flow only and do not indicate 
magnitude . 

The flow at the horizontal stabilizer for 16 and 20 knots, 
Figure VI-l(a) and (b), was not well defined as the tufts 
fluctuated considerably. The photographs and sketcues at 
these speeds represent one instant in the fluctuations; 
hence care must be tak 'n in interpreting them. The net 
effect of the rotor w at these speeds appears to be a 
downwash on the horizontal stabilizer (this was also indi- 
cated during smoke studies of the rotor wake). However, 
the strain gage balance data indicates a net upwash effect 
on the stabilizer at these speeds. 

At speeds above 20 knots the flow became more distinct. 

The flow patterns at 30 and 40 knots, presented in Figure 
Vi-l(c) and (d), shows the rotors vortices rolled up directly 
above the horizontal stabilizer. At chese speeds the rotor 
wake has the characteristic of the wake of a low aspect 
ratio wing with the net effect of an upload at the horizontal 
stabilizer. The upload is probably due more to vortex 
induced i.ift than to a physical upwash at the horizontal 
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A. (Continued) 

stabilizer. Analysis of balance data also show? that the. 
effective dynamic pressure at the horizontal stabilizer 
is up to twice the freestream dynamic pressure. 

The tuft grid was not used at speeds higher than 40 knots. 
Smoke patterns at higher speeds show rotor vortices move 
downward and outward as speed increases. At 50 knots the 
vortices were slightly outboard and below the horizontal 
stabilizer - vertical fin junctions. A net upwash over the 
span of the horizontal stabilizer, induced by the vortices, 
was clearly visible. The upwash was evident at speeds uo 
to 100 knots. 

Flow patterns at an airspeed of 40 knots and yaw angles of 
0 and 10 degrees are compared in Figure VI-2. At lb degrees 
right yaw the right rotor vortex core is clear of the empen- 
nage while the left rotor vortex core is nearly centered 
on the horizontal stabilizer. This shift in the position 
of the vortices with respect to the empennage has two effects: 

(1) Tne strength of the vortex lift on the horizontal 
stabilizer is reduced, reducing the upload and pro- 
ducing a nose up pitching momei. -, a.id 

(2) for yaw angles between 0 and 12 degrees, directional 
stability is reduced by the right fin being immersed 
in the right rotor .’orte'*. At yaw angles greater than 
12 degrees the vorte:. from the left rotor increases 
the effectiveness of the fins and the directional 
stability is increased over that of the basic airframe. 

Smoke studies showed that the rotor induces a strong upwash 
on the wing inboard panel even at speeds as low as 20 knots. 
This is clearly evident in the balance pitching, moment data 
Dresented in Section V, where wing stall occurs at several 
degrees lower angle of attack rotors-on than for rotors- 
off. 

B . Determination of Net Effect of Roto^ Wake at Empennage 
1. Downwasn at Horizontal Stabilizer - Rotors Off 


The dcvfwasu at the horizontal stabilizer was deter- 
mined using pitching moment data from tail-off, tail- 

, Y / / • ° _ n O , - _ I. On . 


on and incidence 


(i„ = 0° and i„ = -4°) runs to obtain 
N H 

the wake angle. Rotors-off, the wake is the wirg down- 
wash (*,.,/„)• The method of obtaining the wing downwash 


is as 


W/H 
follows : 
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(Continued) 
Knowing , 


C = C 

m H m TAIL-ON 


TAIL -OFF 


= -a n V « 
a H H H 


C = (C 

m i m i = -4 

1 H X H 


- C )/-k 

0 m i H = 0° 


= -a H 1 V 
H H wb H 


then, <*„ = C /C 
7 H m . 

n i T 


= a F " VH + % 


giving < W/H = "f " a H 


The horizontal stabilizer lift curve slope was estimated 
using the method of USAF Datcom 1 ^ corrected to the 
model's Reynolds number. The horizontal tail volume 
(V„) was obtained from model geometry. Knowing these 

two parameters the dynamic pressure ratio at the hori- 
zontal stabilizer was determined as follows: 

a„ = .054/degree 


S A 

S W G W 


7 .01(4.33) 


= 1.14 


V = Gtn i AhVh 

w H 


The horizontal stabilizer characteristics (C^ , C m , 

H 1 H 

and *?„ ) and wing dowr.wash (< W/H ) for rofors-off, 

H WB 

mast angles 90, 75, 69 „ and 30 degrees are shown in 
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1. (Continued) 

Figures VI-3 through VI-6. The Large amount of scatter 
in r/„ is due to the very Low test dynamic pressures. 
'WB 

Force model data at higher dynamic pressures do not show 
as much scatter. Also, the force model data show higher 
values of i)„ , indicating the horizontal stabilizer 

WB 

lift curve slope for the aeroelastic model to be esti- 
mated toohigh. The values shown for rj should only be 

WB 

used in conjunction with the lift curve slope noted in 
the figures . 

The rotors-off downwash is used in the current flight 
simulation mathematical model in computing the total 
wake. The wing downwash is assumed not to change due 
to the induced flow of the rotor other than by how the 
average wing angle of attack changes due to the induced 
flow of the rotor. 

Rotors-off runs where made at the same equivalent air- 
speeds as for the rotors-on tests. This was to elimi- 
nate any differences due to Reynolds number effects. 

2. Downwash at Horizontal Stabilizer - Rotors On 


The horizontal stabilizer characteristics, rotors-on, 
are computed similarly to rotors-off except the total 
wake ( f ,p) includes the elevator settings for trim. 

Elevator effectiveness (r ) was obtained from an ele- 

e 

vator sweep enabling the total wake angle (* ^,) due to 
the wing and rotor to be determined as lollows: 


C 


C 


C 


ROTORS-ON 


ROTORS-ON 


m 


6 ROTORS -ON 


“ a H ?? H T V H a H 
~ a H n H T ? H 


(9) 

( 10 ) 

( 11 ) 
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(Continued) 




therefore. 

7 e 

c /c 

m m. 

6 e 1 H 


(12) 


a H 

C /C 
m,, m. 

H 

/°° 

(13) 

and 

a H 

a F - < T + 

/H + Ve 

(14) 

giving 

€ T = 

“F - «H + 

T e*e 

(15) 


’H * 


^ a H V H 

(16) 


* H 

"rotor-on 


These values for level flight mast angles 90, 75, 60, 
and 30 degrees are fhown in Figures VI-7 through VI-10. 

A comparison with the rotors-off values for 80 knots is 
also shown. The total wake ( f ^,) indicates an upwash 

occurring for all mast angles and pitch attitudes tested 
except for mast angle 30 degrees. Most noticeable is 
the large increase in dynamic pressure ratio at the 
tail (0 H ) at low speeds for mast angles of 90 and 75 

degrees. (This term was omitted for mast angles of 
60 and 30 degrees since incidence sweeps were not made 
at these mast angles.) 

The slope of the total wake with angle of attack 
(d< T /5otp) is an indication of the level of aircraft 

static stability. The steeper the slope the less stable 
the aircraft. This is obtained from the following 
equation . 


C = C 
rn rn 

a a, 


+ C 


m 


(17) 


TAIL-OFF 


a 


H 


Since static stability (C ) is proportional to the 


% 

horizontal stabilizer C , and 

d€ 

G m = ~ c ii ) K t ( 1 5« f ) 

« H T F 


(18) 
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2. (Continued) 

Therefore, the greater Q € /Q the smaller the. contribu- 

T a F 

tion of the horizontal stabilizer to static stability. 

As shown in Figure VI-7 for 40 knots this slope is greater 
than 1.0 at negative pitch attitudes and almost 0.0 at 
positive attitudes, i.e., the model is unstable at nega- 
tive attitudes and stable at positive attitudes. At 60 
and 80 knots the slope of the wake about trim pitch 
attitude is less than for rotors-off showing the model 
to be more stable rotors-on than for rotors-off. 


The total wake angle (€,,,) at the horizontal stabilizer is 

made up of the wing downwash and rotor wake (* R , R ) 

The rotor wake angle was computed using the following 
equations : 


€ T ‘ 6 W/H + C 


R/H 


therefore , 


R/H *W/H " 


( 19) 


( 20 ) 


The magnitude of the rotor upwash contribution was deter- 
mined as follows: 


Kr/H V iR ~ V * tan 6 R/H (21) 

Where the term V^p is the rotor induced velocity at the 

rotor disk. The Kpy^ term is that used in the current 

math model to include the rotor wake at the horizontal. 
This parameter is given in Figures VI -11 through VI-15 
for the various mast angles, airspeeds, and flight condi- 
tions tested. 


It should be noted that the term V ^ R is merely a 

convenient way to represent the rotor wake effects on 
the horizontal stabilizer and does not represent the 
actual upwash or downwash from the rotor. This is 
illustrated by the fact that by taking the vector sum cf 
the freestream velocity and the t'otor induced velocity 
factor V^ r ) does not S^ ve the total velocity indi- 

cated by the measured horizontal stabilizer efficiency 
(Figures VI-7 and -8). Furthermore the variation of 
Kr/h V. R with airspeed shown in Figures VI-11 through -15 

implies the rotor induced velocity increases with airspeed 
which is opposite to the momentum theory of rotor induced 
velocity. These differences are believed to be the result 
of vortex induced lift. However, combining the and Kr/ h 

Vj. R in the math model does give the correct empennage lift. 
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2. (Continued) 

The rotor wake at the horizontal stabilizer measured in 
this test is compared to that used in the Phase I flight 
simulation in Figure VI-16. It should be noted that in 
the Phase I simulation was assumed equal to 1.0 and 

the downwash/upwash was assumed invariant with angle of 
attack . 

3 . Effect of Yaw on Downwash at Horizontal Stabilizer 

As the aircraft yaws the net rotor wake effect on the 
horizontal changes from an upwash to downwash causing 
a pitch-up with yaw. The rotor wake velocity is shown 
in Figure VI-17 through VI-19 to illustrate the change 
in the magnitude of the rotor wake with yaw angle. 

This effect was evaluated during the rod test and found 
to require only a small amount of longitudinal cyclic 
to maintain pitch attitude with yaw. 

4 . Effect of Rotor Wake on Vertical Stabilizer Character - 
istics 


Rotor wake effects on the vertical stabilizer were eval- 
uated in terms of a parameter defined as the rotor side- 
wash factor (K^). This is the ratio of the vertical 

stabilizer yawing moment rotors-on to rotors-off and is 
determined as follows: 

Knowing, C = C - C (22) 

n V TAIL-ON n TAIL-OFF 

C n =a V % (1 -dr/d/S) t> (23) 

V ROTORS-OFF WB 


C =.a v V V,, (1 (24) 

V ROTORS -ON 1 


therefore , 




ROTORS -ON 
ROTORS -OFF 


t ) ( 1 -d<r/d/?) 0N 

4' TT '^^0' 


(25) 


(26) 
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4. (Continued) 

This term is shown in Figure VI-20 through VI-22 for 
the various airspeeds and mast angles tested. The 
rotor wake is destabilizing for yaw angles of ±4 degrees 
at low speeds for mast angles 90 and 75 degrees. Above 
twelve degrees yaw the rotors -on yawing moment exceeds 
that of the rotors-off. This effect also exists at mast 
angles of 60 and 30 degrees, although to a lesser degree. 
The directional stability is decreased for up to about 
four degrees of yaw and then increases as yaw angle 
increases. However, the yawing moment coefficient 
rotors-on did not exceed that of rotors-off. 

5 . Empennage Lift Characteristics 

Empennage lift, rotors-on, is compared with lift rotors- 
off in Figures VI-23 through VI-26. Empennage lift 
is in general higher than that for rotors-off, reflec- 
ting; the net upwash effect of the rotors on the 
horizontal stabilizer. The decreasing difference 
between the rotors on and off lift with increasing speed 
reflects the fact that the rotor wake effects become 
less significant at the higher speeds. 

C. Analysis of Discrepancy Between Measured and Calculated 
Lateral Flapping* 

At mast angles 90 and 75 degrees the measured lateral flap- 
ping was found to be approximately 40 percent greater than 
that predicted prior to the test. Figure VI-27 compares the 
measured and predicted flapping. Several possible reasons 
for this discrepancy were theorized including aerodynamic 
interference between the wing and the rotor. (This was 
resolved by removing the wing fairings and flying the model 
at the same trim condition. Flapping was nc<- changed.) 
However, smoke studies of the rotor induced flow indicated 
that the longitudinal distribution of induced velocity was 
considerably different than that used in the theory. It 
was therefore concluded that the theory used to predict 
lateral flapping was deficient with regard to the math 
model of the rotor induced velocity. 

1 • Induced Velocity Representation Used in Pretest Predic - 
tions 


Program C81 was used to predict blade flapping prior to 
the test. In hover C81 uses a triangular distribution 
of induced velocity such that 
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1. (Continued) 

where is the local spanwise induced velocity, X is 

the nondimens ional blade radius, r/R, and V is the 
average induced velocity. For forward flight the tri- 
angular distribution is modified to increase the induced 
velocity at the rear of the disc (<A = 0°) and reduce it 
at the front of the disc ('/* = 180°) as suggested in 
Reference 19 . The dovnwash distribution is then assumed 
equal to 

V i = T X (1 + K cos tO V 


where K has the following values 


** 


K 


0 < ** < .1067 


11.25 ** 


.1067 < ** < .5733 


1.36-1.5** 


P > .5733 


0.5 


These values for K were derived for low disc loading, 
low twist rotors 20 and have provided reasonable corre- 
lation with such rotors. By modifying the value of K 
arbitrarily to reflect the higher disc loading, high 
twist, tilt rotor, good correlation with the test data 
can be achieved. Figure VI- 28 compares the original 
longitudinal distribution of induced velocity with one 
obtained by modifying the value of K to achieve correla- 
tion. Also shown is the approximate shape of the 
longitudinal distribution observed during smoke studies 
of the rotor wake. The very high value of induced 
velocity at the trailing edge of the disc is probably 
due to roll up of the rotor wake. 

2 . Investigation of More Advanced Methods of Predicting 
Lateral Flapping 

The significant difference between the computed and 
observed distribution of induced velocity indicted a 
better method of predicting the distribution is needed. 
Therefore, an investigation into more advanced means of 
predicting the distribution was made. 

A recent study of Harris, Reference 21, indicates the 
problem of predicting lateral flapping accurately is not 
confined to high disk loading tilt rotors. In Reference 
21 a comparison is made between the lateral flapping 
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2. (Continued) 

predicted by several induced velocity theories with that 
measured with a low disc loading model rotor. The trend 
of the measured flapping with advance ratio was similar 
to that measured in this test and the maximum lateral 
flapping occurred at nearly the same advance ratio 
( /i. = .08 compared to .091). Harris compared downwash 
theories ranging from uniform downwash to prescribed 
helical wakes. In no case did the predicted flapping 
exceed 70 percent of the measured flapping. Several 
theories, specifically that of Castles and DeLeeuw, 
Reference 22, and Heyson and Katzoff, Reference 23, pre- 
dicted the correct trend with advance ratio but were off 
in magnitude by as much as 50 percent . 

A comparison between lateral flapping predicted using 
various induced velocity theories, including those 
investigated by Harris is given in Table VI-I for mast 
angle 90 degrees, airspeed 40 knots (the speed for 
maximum lateral flapping). Castles and DeLeeuw 's and 
Heyson and Katzoff's theories predict 57 percent and 
67 percent of the measured lateral flapping respectively. 
Both are based on a prescribed wake, geometry with Castles 
theory being for a uniform disc loading and Heyson's 
accounting for the nonuniformity of the loading. The 
distribution of induced velocity predicted using Heyson 
and Katzoff 's method is very close to that observed in 
the test but the magnitude is too low. Also shown in Table 
VI-I is the flapping predicted by Bell computer program 
BRAM, Reference 24, which has a free trailing tip vortex. 
This accounts to some extent for the roll up of the wake 
but neglects the nonuniformity of the blade loading. 

BRAM comes closest to predicting the measured lateral 
flapping. 

3 . Prediction of Lateral Flapping For Design Purposes 

Although none of the more advanced induced velocity 
theories satisfactorily predicts the lateral flapping, a 
method is available for design purposes. As noted 
earlier, by arbitrarily modifying the factor K used in 
the present C81 induced velocity representation to 
distribute the induced velocity longitudinally, good 
correlation with the measured flapping can be achieved. 
Figures VI-29 through VI-32 compare the flapping pre- 
dicted using the modified value of K with the measured 
values. Correlation is good at all mast angles. 

While this approach is not sophisticated it does achieve 
the basic objective of predicting the lateral flapping 
and is felt to be acceptable for design purposes. This 
method has the advantage of using a mirimum of computer 
time whereas a free wake analysis such as BRAM requires 
a large computer run time. 
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TABLE VI-I. COMPARISON OF LATERAL FLAPPING 
SEVERAL THEORIES WITH MEASURED 

CALCULATED USING 
LATERAL FLAPPING 

Flight Condition « 

= 90°, GW = 11,000 LB, 40 Knots 

Measured 

Flapping = 6 Degrees^ - 

Theory 

b^ Flapping 

% Of Measured 

Pretest (Drees) 

u.i° 

68% 

Post Test (Drees )2 

CTn 

• 

O 

o 

100% 

Castles and DeLeeuw 

3.3° 

57% 

Heyson and Katzoff 

O 

O 

• 

-3* 

67% 

BRA » (vortex) 

5.0° 

83% 



1. Based on line faired through test data. 

2. Longitudinal distribution factor adjusted to achieve 
correlation. 
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Figure VI-1, 


Flow Patterns in the Vicinity of the Empennage 
in Level Flight, Mast Angle 90°. 
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Figure VI-2. Effect of Yaw Angle on Flow Pattern 
Mast Angle 90°, Airspeed 40 Knots. 
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Figure VI- 3. Horizontal Stabilizer Aerodynamic 
^ Characteristics, Mast Angle 90°, 
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Figure Vl"-4. Horizontal Stabilizer Aerodynamic 
Characteristics, Mast Angie 75°, 
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Figure VI-5. Horizontal Stabilizer Aerodynamic 
Characteristics, Mast Angle 60°, 
Rotors off. 
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Characteristics, Mast Angle 75°, 
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6 Characteristics, Mast Angle 60 , 
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Figure VI-17. Effect of Yaw Angle on Rotor Wake Upwash 
at Horizontal Stabilizer, Mast Angle 90°. 
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Figure VI-20. 


Effect of Rotor Wake on Directional 
Stability, Mast Angle 90°. 
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Figure VI-21 « Effect of Rotor Wake on Directional 
Stability, Mast Angle 75°. 
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Figure VI-22. Effect of Rotor Wake on Directional 
Stability, Mast Angles 60° and 30°. 
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Figure VI-23. Comparison of Empennage Lift Rotors On 
and Rotors Off. Mast Angle 90°. 
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Figure VI-24. Comparison of Rotor Lift Rotors On 
and Rotors Off, Mast Angle 75°. 
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Figure VI-25. Comparison of Empennage Lift Rotors On 
and Rotors Off, Mast Angle 60°. 
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Figure VI-28. Comparison of Computer Program and Observed 
Longitudinal Distribution of Rotor Induced 
Velocity. ffti 
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VII. CONCLUSIONS 

Observation of model behavior and analysis of measured data re- 
sulted in the following conclusions: 

A. Hover 


1. The hover test confirmed the presence of a static roll 
instability in an IGE hover. The magnitude of the 
instability was comparable to previous estimates and the 
instability vanishes at airspeeds above approximately 

20 knots. 

2. The wing download in hover was greater than that estimated 
from previous test results. The measured download was 
11.4 percent compared to the 7 percent estimated for the 
full-scale aircraft. Analysis indicates this di<=cre pancy 
may be the result of the model's very low Reynolds 
number. 

3. Attempts to fly the model in a controlled hover on an 
essentially free-f light mount were not successful. 

Failure is attributed to the model's response being 
faster than full-scale by a factor of 2.24, and because 
the model pilots lacked many of the cues normally avail- 
able in hover. 

B . Low Speed Helicopter and Conversion Mode 

1. Flow visualization techniques confirmed that the wakes 
from the two rotors do not merge and analysis of balance 
data indicate that the rotor wake has the effect of an 
upwash on the horizontal stabilizer. 

2. At mast angles of 90 and 75 degrees, a shallow longitu- 
dinal stick gradient occurs between hover and 60 knots 
and a slight stick reversal occurs between 20 and 40 
knots. The shallow gradient and reversal are caused by 
the rotor wake influence on the horizontal stabilizer. 

3. The interaction between the rotor wake and the horizontal 
stabilizer causes a nose-up pitching moment when the air- 
craft is yawed. The longitudinal cyclic required to 
compensate for the pitching noment is easily within a 
pilot's ability. With the SUAS on, the altitude-hold 
loop will make the required cyclic input. 

4. The rotor wake acts on the vertical fins in such a manner 
as to reduce directional stability for sideslip angles 
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4. (Continued) 

less than about 12 degrees and to increase it Cor larger 
sideslip angles. 

5. In autorotation , at the speeds tested (80 and 90 knots), 
the model was very stable but had a rate of descent in 
excess of 4000 fpm, compared to the 2200 fpm predicted 
for the Model 301. Analysis indicates that the model’s 
low Reynolds number is responsible for its higher rates 
of descent and that the rate of descent predicted for 
the Model 301 is considered a reasonable estimate. 

6. On the rod, the model was difficult to fly at speeds 
below 30 knots but was controllable. Above 30 knots, 
the model was relatively easy to fly. Controllability 
was adequate for rearward and sideward flight at speeds 
up to 35 knots. 

7. Lateral flapping in helicopter mode was approximately 

40 percent higher than predicted, but was within flapping 
limits for all conditions tested. Analysis shows that 
the theory used for the pretest predictions employed a 
representation of the longitudinal distribution of induced 
velocity which was not representative of the observed in- 
duced velocity distribution. By modifying the distribution 
good correlation with the measured flapping is achieved. 

C . Dynamic Stability, Loads, and Vibration 


1. There was no evidence of rotor or rotor- pylon-wing 
instability during the tests. 

2 . Scaled rotor and control system loads were significantly 
lower than those predicted for the full-scale aircraft. 

3. Airframe vibration levels were higher than predicted but 
within design limits. The magnitude of the two-per-rev 
vibration indicates care will have to be taken to avoid 
resonance of airframe modes with two-per-rev. 

D . Correlation of Theory With Measured Data 

1. When Reynolds number effects are properly accounted for, 
theory adequately predicts model trim parameters and 
stability characteristics. (Extrapolation of model 
flight characteristics directly to full scale is not 
recommended because of Reynolds number effects.) 

2. Theory predicts the measured lateral flapping when the 
rotor longitudinal distribution of induced velocity is 
correctly represented. 
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